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EXECUTIVE SUMMARY
Low back injuries in female military personnel can significantly impact training

effectiveness, costs and military readiness. Low back injuries accounted for 75% of
compensable military injuries in 1988 through 1991 (Army Safety Center, 1992). When one
considers that women have significantly higher incidence of lost time injuries during basic
training than men (Jones et al., 1988), it is apparent that the risk of work related low back
disorders (LBD) may be particularly great for women in the military. Heavy manual materials
handling (MMH) that would challenge the injury tolerance of most industrial workers’ spines has
been shown to be the most physically demanding task in 90% of all military job specialties
(Sharp and Vogel, 1992). As these military occupational specialties (MOSs) are becoming
increasingly available to women, the risk of LBD to women will have greater consequences as
they fill these roles, particularly when considering a downsizing military. Thus, there is a need
to reliably assess the risk of military task related LBD to women, and to identify potential
features or training that might mitigate that risk.

The goal of this research is to extend the capability of predicting musculoskeletal loads
on the trunk and spine to women performing realistic MMH tasks. Current models of
musculoskeletal loading on the spine are based upon male biomechanics, and must be enhanced
to account for the anatomical geometry and physiology of the female musculoskeletal torso.
This will permit accurate evaluation of the spinal loads in women as they perform military MMH
activities, and the potential to assess the relative risk of female military personnel performing
MMH tasks in comparison to male personnel.

The first part of this effort is complete. The second, third and fourth part are near
completion. The first part consisted of employing Magnetic Resonance Imaging (MRI)
techniques to quantitatively describe the internal geometry of the female trunk musculoskeletal
system so that the model can accurately represent internal trunk mechanics. The second part
consists of the evaluation of the muscle force-velocity and length-strength relationships that are
unique to the female trunk musculature and physiology. Validation of the contributions of the
internal geometric relationships and the length-strength and force-velocity relationships is

currently under way in Part 3. The model performance of the female specific biomechanical
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model will be assessed and compared to the model performance from a male biomechanical
model used on male subjects performing the same experimental conditions. Part four is now in
the preocess of assessing differences in spinal loading due to gender as well as the experimental
conditions using both the male and female specific biomechanical models.

Our efforts in this research is progressing in accordance with the proposed timeline as
expected. To date, we have collected and analyzed all the imaging data on healthy women. We
have managed to expand this phase of the research, to allow assessment of healthy subjects for
improved validity and to collect data of healthy males for direct comparison. The results agree
with existing literature, indicating the methods, data, and processing we have been using will
lead to valid mechanical representations of the torso. The determination of the female length-
strength and force-velocity muscle relationships have progressed to a point where most of the
subjects have been collected, and stable and promising results have been obtained. The few
additional subjects needed to be collected will serve to enhance promising results to date. The
data collection for Part 3 is nearing completion, with both males and females performing
asymmetric and sagittally symmetric lifting exertions to validate the biomechanical model
developed using the data and relationships found in Part 1 and Part 2. Part 4, which will assess
and compare the spinal loading experienced by females and males is currently underway, and
should also be nearing completion pending the completion of the data collection on the final few
subjects for Part 3.

After the third year of this research effort, we remain confident that we will successfully
develop an accurate biomechanical model for the evaluation of spinal loads of women
performing MMH tasks. These results may permit assessment of work related LBD, and
identification of methods and training techniques that will reduce the risk of low back injury in

female military personnel.
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PART 1: Anthropometric MRl Measurement of Female
Musculoskeletal Torso

Introduction

The control of women’s low-back disorder (LBD) risk should be a priority for the
military to mitigate escalating injuries and associated costs, and to maintain military readiness
and combat effectiveness. Low back injuries accounted for 75% of compensable military
injuries and have cost the Army between 46.9 and 61 million dollars per year from 1988 through
1991 (Army Safety Center, 1992). When one considers that women have significantly higher
incidence of lost time injuries during basic training than men (Jones et al., 1988), it is apparent
that the risk of work related LBD may be particularly great for women in the military. The cost
of LBD risk among military women extends beyond medical care expenditures and long term or
permanent compensation for the soldier. There is a great cost associated with lost duty time,
training and retraining replacement personnel if a soldier must be discharged because of a LBD.
Furthermore, military effectiveness and readiness are compromised if the soldier is not able to
perform peacetime or combat related tasks because of a LBD.

Many of the military occupational specialties (MOSs) have recently been made available
to military women (Army Times, 1994). As of 1995 there were women filling roles as combat
engineers, in field artillery, and land combat MOSs. The number of women in these combat
related MOSs is expected to increase. As women fill an expanded role in the modern military,
the risk of lost female personnel due to LBD will have greater consequences upon military
readiness and combat effectiveness than ever before. With military downsizing, the importance
of each military women, and the repercussions of LBD will become critical.

Many of the MOSs now being filled by women requires heavy manual material handling
and would be expected to challenge the tolerance of most industrial workers’ spines. Sharp and
Vogel (1992) have shown that “heavy MMH is the most physically demanding task in 90% of all
military job specialties.” Yet these activities have never been quantitatively evaluated with
military women. Thus, there is a need for a biomechanical model that can accurately and reliably
assess and evaluate the risk of LBD to women as well as what features or training might mitigate

that risk.




The Ohio State University EMG-assisted biomechanical model can be developed to
provide a tool to assess and evaluate the risk of LBD to women performing military MMH tasks
as part of their MOSs. Our previous efforts have demonstrated that we have been able to build a
three-dimensional model of the trunk that is capable of accurately assessing spine loads during
free-dynamic trunk motion which accounts for muscle co-contraction (Granata and Marras, 1993;
Marras and Granata, 1995; Marras and Sommerich, 1991a,b). However, the modeling efforts to
date have been successful in modeling the trunk geometry and subsequent loading imposed upon
the spine of only males performing manual materials handling activities.

The geometry of the female trunk is vastly different from that of the male. Women tend
to possess greater hip breadth and narrower abdominal depth than men (Pheasant, 1988). The
sacroiliac joint is positioned several centimeters anteriorly in the female changing the moment
arm associated with the external load as well as affecting the internal moment arm distances
between the muscles and the point of rotation of the spine (Tischauer, 1978). In addition, it is
suspected that the muscle attachment locations are significantly different between males and
females. These changes will dramatically affect the force-length and force-velocity relationships
that are vital for the determination of muscle force. In addition, one must understand the
differences in the muscle lines of action (attachments) so that the trunk mechanics representation
accurately reflects loading of the female trunk.

The ultimate goal of this research is to extend the capability of predicting musculoskeletal
loads to that of women performing realistic MMH tasks. This model will be employed to assess
the relative risk for musculoskeletal injury due to a MMH task for women relative to men, and to
evaluate the proposed changes to those tasks to quantify the change in LBD risk. This EMG-
driven biomechanical model] will then be available as a tool to assess the risk associated with
specific MMH tasks performed as part of MOSs that have recently been made available to
military women. In this manner it will be possible to: a) assess risk for a given task, b) evaluate
the physical attributes of a potential recruit that would place her at an increased risk of LBD, and
c¢) determine how training or workplace procedures might be changed to minimize risk of LBDs
to women (and men) performing the military MMH task.

In order to accomplish these objectives, it will be necessary to accomplish five specific

aims. 1.) Quantitatively describe the internal geometry of the female trunk musculoskeletal




system so that the model can accurately represent internal trunk mechanics and lines of muscle
action. Magnetic Resonance Imaging (MRI) will be used to collect this information in a safe and
accurate manner. 2.) Determine the force-velocity relationship and length-strength relationships
that are unique to the female trunk musculature. 3.) Implement female trunk geometry and
muscle relationships into the existing OSU EMG-assisted biomechanical model. 4.) Test and
validate the model under laboratory conditions. 5.) Use the model to evaluate military MMH

tasks of physically demanding MOSs performed by both males and females.

Background and Objectives

The objective of Part 1 was to generate descriptive statistics to describe the relative
anthropometric values of muscle cross-sectional areas, origins, and lines of action in the female
torso. The EMG-assisted biomechanical model currently accepts regression equations to predict
muscle anthropometry of male subjects (Granata and Marras, 1993; Marras and Granata, 1995;
Marras and Sommerich, 1991a,b). This is critical for scaling modeled muscle force amplitudes,
dynamic behavior and to predict musculoskeletal loads. In order to generate accurate
assessments of spinal loading and associated LBD risk of females performing military MMH
tasks, it is necessary to generate a biomechanical geometry that accurately describes military age
women. Although measures of soft tissue have been reported on elderly females (Chaffin et al.,
1990; Kumar, 1988), there have been no studies designed to measure the trunk muscle area and

geometry of young active women.

Administrative Note

In the accepted research proposal, the “Statement of Work Addendum” included the
collection of anthropometric data describing relative trunk muscle sizes and biomechanical lines
of action on 20 women from existing MRI scans. Thus, we were to find torso imaging data of
women who had required medical diagnosis of disabilities. The originally proposed “Statement
of Work” suggested MRI analyses be performed by scanning 20 healthy women. However, due
to budget limitations imposed by USARMC prior to approving the research, it was necessary to
revise this part of the research to meet the financial constraints with the “Statement of Work

Addendum” as described above.




We have managed to supplement the experimental design of the MRI with alternative
funding that will improve the validity and specificity of the research for the purposes of the
research goals and objectives. This was achieved by finding the opportunity to support data
collection of healthy military age women, a population which more realistically represents active
military women. A local hospital with a state-of-the-art MRI facility has agreed to participate in
this effort, allowing us the opportunity to scan 20 healthy women and 10 healthy men. This will
improve the validity of the data by providing MRI scans of healthy women instead of scans from
disabled women, avoiding confounding of musculoskeletal factors.

The alternative funding opportunity also allowed us to collect data for direct comparison
of male versus female relative muscle areas, attachment points, and lines of action. To date,
there have been no such published analyses of muscular mechanical geometry. This data will
allow a direct comparison of the biomechanical loads generated by female versus male soldiers
during MMH activities. The comparison will also permit a more valid assessment of LBD risk
of women as compared to men, and the influence of task design upon gender related LBD risk.

The results in the tables describing the physiological cross-sectional areas and muscle
vector directions have been updated since the last reporting period. These updates also resulted
in updates in the statistical analyses performed, as well as changes to the linear regression
analysis for the prediction of the physiological cross-sectional areas. Additionally, the prediction
of the moment-arms from external anthropometric measures have been updated to include the

vertebral levels that are used on the current EMG-assisted biomechanical model.

Methods

Experimental Design

The subjects were placed in the MRI chamber at the Riverside Methodist Hospital,
Columbus, OH, where cross-sectional images of the trunk were collected. A Philips GyroScan
MRI was set to a spin echo sequence of TR=240 and TE=12, generating slices of 10 mm in
thickness. Subjects were placed in a neutral position (supine postures with knees extended and
hands lying across their abdomen) on the MRI gantry. The gantry moved the subjects into the

center bore of the MRI magnet, aligning the subjects such that the scans could be performed on




the desired region of the torso. A sagittal scout view was first collected to permit vertical
quantification of individual transverse planes, and to ensure the cross-sectional scans would be
captured in the field-of-view. A single set of 11 torso musculature scans was next performed,
which were perpendicular to the gantry table at transverse levels through approximate centers of
the vertebral bodies in the lumbar/sacrum and lower thoracic regions of the spine. Specifically,

this included transverse scans of the torso through the T, through S, vertebral levels.

Subjects

Twenty females subjects of military age were recruited from the local community. In
order to directly compare the female results with relative male anthropometry, MRI data were
also collected on 10 male subjects of military age, also recruited from the local community.
None of the subjects had a history of chronic activity limiting chronic back or leg injuries, nor
were any experiencing any low back pain at the time of the MRI scan. Upon arrival,
anthropometric data were collect from each subject including the age, height and weight, the
trunk width and depth measured at the trochanter, iliac crest, and xyphoid process, trunk

circumference about the iliac crest, and right and left trochanter height from the floor.

Data Extraction

The MRI scans for each subject were transferred onto a Philips GyroView, where muscle
cross-sectional areas could be estimated, as well as muscle centroids located relative to the spinal
vertebral body centroid (McGill et al., 1993). The GyroView allows the user to inscribe an
object of interest with a computer mouse, which then provides descriptive statistical data
including the area of the enclosed region and the three-dimensional location of the area centroids
relative to the scan set origin. In this manner, each of the muscles of interest were identified,
outlined, and quantified where present for each of the 11 scan levels. The quantified muscles
included the right and left pairs of the erector spinae group, quadratus lumborum, latissimus
dorsi, internal obliques, external obliques, rectus abdomini, and psoas major. The cross-sectional
areas and centroids were also quantified for each vertebral body and the torso at each of the 11
scan levels. Vector component directions for each muscle from level to level were determined in

both the coronal plane (equation 1.2) and the sagittal plane (equation 1.3).




o, - Tan_l(%) (Eq 1.2)

5oy = Tan_l(%) (Eq 1.3)

where:

6,,,= Muscle vector angle in the coronal plane from one vertebral level to the next
(caudal direction);
65, = Muscle vector angle in the sagittal plane from one vertebral level to the next

(caudal direction);

Ax = Change in the muscle centroid lateral coordinate from one vertebral level to the
next (caudal direction);

Ay = Change in the muscle centroid sagittal coordinate from one vertebral level to the
next (caudal direction);

Az = Change in the muscle centroid vertical coordinate from one vertebral level to the
next (caudal direction).

To determine the muscle, vertebral body, and trunk cross-sectional areas and centroids at
each scan level, each were inscribed several times, with the average of the observation used as
the representative values. The coefficient of variation (C.V.) was calculated for the first 15
female subjects, which showed that using three observations resulted in average C.V.’s of 9% or
less for each muscle, with most C.V.’s less than 5%. Likewise, the lateral and sagittal moment-
arms for each muscle were determined by averaging the three observed distances between the
muscle centroid and vertebral centroid. Finally, the muscle vector directions in the lateral plane
(Eq. 1.2) and sagittal plane (Eq. 1.3) were also averaged across each of the three observations.

Following the determination of the raw cross-sectional muscle areas, three separate
corrections were made to the areas, when necessary. First, to correct for any degree of twisting
of the subjects’ torso while lying in the MRI machine, the muscle centroid locations were
corrected by quantifying the location of the spinous process centroid at each scan level. It was
assumed that if the subject was lying flat on the gantry table of the MRI with no twisting of the
torso, there would be no difference in the lateral location of the vertebral body centroid and
spinous process centroid, relative to the scan origin. Therefore, for any degree of twisting of the
torso, the muscle centroid location was adjusted for the angle between vertebral body centroid

and spinous process centroid. Secondly, for the muscles that were crescent-shaped in cross-




section, the muscle centroids lied outside of the muscle. Specifically, at certain levels of the
spine, the muscle centroids for the latissimus dorsi, external obliques, and the internal obliques
lied medial to the medial border of the muscle. Therefore, to obtain more realistic centroid
locations for the calculation of the corrected cross-sectional areas of these muscles (described in
the next step), a line was drawn from the vertebral body centroid, through the muscle centroid, to
the estimated midpoint of the muscle. This estimated midpoint was then used as the vector
location for the muscle for determination of the physiological cross-sectional area (described
next). Finally, the raw muscle cross-sectional area was adjusted so that the plane of the cross-
sectional muscle area was perpendicular to the muscle vector direction. Since the MRI scan
slices were perpendicular to the gantry table, and the muscles may not necessarily run parallel to
the table, the resulting estimated cross-sectional areas of the muscles may be larger than the true
cross-sectional area which would be perpendicular to the muscle vector direction. Therefore, the
raw muscle cross-sectional areas at each scan level were converted to the physiological cross-
sectional area (PCSA) using a general form of equation 1.4. For the muscles where the area

centroid lied outside the muscle (i.e., latissimus dorsi, internal and external obliques), the

adjusted vector directions (fCor and €5,g) which were determined from the estimated

midpoints of the muscles, were used to calculate the corrected cross-sectional areas.

Area,, = Area,,, Cos(0,,)Cos(bg,,) (Eq. 1.4)

where:

PCSA = Physiological cross-sectional muscle area;
Areap gy = Raw cross-sectional area determined by outline from GyroView.
6,,,= Muscle vector angle in the lateral plane from one vertebral level to the next;

6 ,e = Muscle vector angle in the sagittal plane from one vertebral level to the next;

The raw cross-sectional area, however, was multiplied by different vector values,
depending on where in the spine the muscle is present. For the first level that the muscle was
present (the most superior level), the raw cross-sectional area was multiplied by cosines of the
sagittal and lateral vector for that level, using equation 1.4. For example, in some subjects, the
most superior level where the rectus abdominis was first present was at the T, level; therefore,

the corrected cross-sectional area for the rectus abdominis at T, was determined by:




Areac,, r = Areay,, ; Cos(0,, ;. )Cos(Og, 1 ) (Eq. 1.5)
where:

Area,,, , = Corrected cross-sectional area at the T}, vertebral level;

Areay,,, . = Raw cross-sectional area at the Ty, vertebral level, determined by the
GyroView;
6 -1, = Lateral muscle vector angle between the Ty, and L, vertebral level;

041, = Sagittal muscle vector angle between the Ty, and L, vertebral level.

For the same subjects, the second most superior level where the rectus abdominis was
present would then have been L;; however, to determine the corrected cross-sectional area of the
rectus abdominis for the second level it was present, the raw cross-sectional area was multiplied
by the cosines of the average of the muscle vector angles at the T, and L, levels, for both the

sagittal and lateral components:

0,01 +0,,. Ogpor +0g,
AreaCO,,_Ll _ AreaRaw_Ll COS( Lat-Ty, : Lat LXJCOS( Sag-Ti, : Sag Llj (Eq ]6)

where:
Areag,, , = Corrected cross-sectional area at the L, vertebral level;

Areay,, ; = Raw cross-sectional area at the L, vertebral level, from the GyroView;
6 -z, = Lateral muscle vector angle from the T;, to L, vertebral level;

6 .1, = Lateral muscle vector angle from the L, to L, vertebral level;
.1, = Sagittal muscle vector angle from the T, to L, vertebral level;
05,1, = Sagittal muscle vector angle from the L, to L, vertebral level.

Likewise, the corrected cross-sectional area for the rectus abdominis when present at the

next level (L,), given that the muscle was present at L,, was determined in the following manner:

61t +0,.. Ogpo s +0s,.
Areag,,. , = Areay,, Cos( tarh, 5 = LZJCOS( ety 5 S L’J (Eq. 1.7)

where:

Area,,, , = Corrected cross-sectional area at the L, vertebral level;
Areay,, ; = Raw cross-sectional area at the L, vertebral level, from the GyroView;

0, = Lateral muscle vector angle from the L, to L, vertebral level;




6 ..., = Lateral muscle vector angle from the L, to L, vertebral level;
8541, = Sagittal muscle vector angle from the L, to L, vertebral level,

05,12 = Sagittal muscle vector angle from the L, to L, vertebral level.

Finally, to calculate the corrected cross-sectional area for the lowest level where the
muscle was present (the most inferior level), using the example where the lowest level that the

rectus abdominis was present was at S, the following equation was used:

Areac,,. s = Areay,, s Cos(eLal—Ls)Cos(QSag—LS) (Eq. 3.8)
where:

Area,, s = Corrected cross-sectional area at the S, vertebral level;

Areay,, s =Raw cross-sectional area at the S, vertebral level, determined by the

GyroView;
0., = Lateral muscle vector angle between the L; and S, vertebral level;
6 5.1, = Sagittal muscle vector angle between the L and §, vertebral level.

Although the rectus abdominis was used as an example of how the corrected cross-
sectional areas were calculated as a function of where it was present, equations 1.5 through 1.8
were used for all the muscles to determine the corrected cross-sectional muscle areas
perpendicular to the muscle vectors. Generally, the first level where a muscle was present
(starting at the most superior level and working down), equation 1.5 was used; the last level that
the muscle was present (the most inferior level), equation 1.8 was used to calculate the corrected
cross-sectional area. Finally, for all other levels in between the first and last level where the
muscle was present, equations 1.6 or 1.7 were used to calculate the corrected cross-sectional
areas.

The moment-arms of the muscles at each level were determined by calculating the
absolute difference between the muscle centroid and the vertebral body centroid, in both the
sagittal plane and the lateral plane. The muscle centroids used for the calculation of the moment-
arms were corrected for any torso twisting in the MRI machine, but were not corrected for those
muscles where the centroids lied outside the inscribed muscle. Sign designations were given to

the moment-arms, such that positive and negative values for the sagittal moment-arms




represented anterior and posterior to the vertebral body centroid, respectively, and positive and
negative values for the lateral moment-arms represent right and left sides of the vertebral body

centroid, respectively.

Descriptive Statistics

Descriptive statistics (means and standard deviations at each vertebral level) were first
generated for the PCSAs, as well as for the cross-sectional areas for the vertebral bodies
corrected for the spine vector directionsand the trunk cross-sectional areas. Descriptive statistics
were also generated for the corrected moment-arms for each muscle, both in the coronal and
sagittal planes, as well as the muscle vector directions from level to level, in both the coronal and
sagittal planes.

In the current EMG-assisted biomechanical model (Granata and Marras, 1993; Marras
and Granata, 1995; Marras and Sommerich, 1991a,b), the muscle vector locations for the muscle
origins and insertions are identified as a percentage of the trunk width for the coronal plane
location, and the sagittal plane location is calculated as a percentage of the trunk depth, both
measured at the iliac crest. The current database of 20 females and 10 males, however, allows
other anthropometric measures to be explored; therefore, in addition to the vector locations being
calculated as a function of trunk measurements about the iliac crest, the vector locations as a
function of the trunk width and depth measured at the xyphoid process were also calculated, as
well as a function of the body mass index (BMI).

Finally, since individual differences may dictate where the largest PCSA exists along the
spine, the distribution of the largest PCSA for each muscle by vertebral level for both males and
females were determined.

As a benchmark, the results of the PCSAs and moment-arms in the coronal and sagittal
plane were then compared with data from Chaffin et al. (1990) who examined elderly women,
and McGill et al. (1993) who examined young males. These comparisons consisted of the
magnitude of the difference of similar measures, as well as the percent difference. Difficulty
arose when comparing cross-sectional areas from level to level, since in both the Chaffin et al.
(1990) and the McGill et al. (1993) study, the scan slices were set through the middle of the

intervertebral disc, whereas in the current study, the scan slices were set through the estimated
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midpoint of the vertebral body. Therefore, the comparisons of muscle cross-sectional areas and
moment-arms were off by one-half of a level. To account for the difference in the location of the
slices, the area and moment-arm midpoint between adjacent slices of the data in the current study
were determined, thus creating a more comparable area value to the Chaffin et al. (1990) and the
McGill et al. study (1993). For example, averaging the muscle cross-sectional area at Ty and T,
of the current study, would allow a more logical comparison to the muscle cross-sectional areas

of the T¢/T, scan slice from McGill et al. (1993).

Statistical Analyses

Linear regression techniques were used to predict the largest PCSA for each muscle, for
both males and females independently. The dependent variable consisted of the largest PCSA,
irrespective of the vertebral level. The individual independent variables for each regression
equation consisted of the product of trunk width and trunk depth (cm?) measured at the xyphoid
process, the iliac crest and the trochanter, as well as the body mass index (kg/m?). Statistical
differences between the regression equations predicting the PCSA for males versus females were
also investigated using a hierarchical multiple linear regression appfoach (Neter et al., 1985).
First, the combined male and female data were used to generate one regression equation using
the individual independent variables of the trunk width multiplied by the trunk depth at the
xyphoid process, the trochanter, and the iliac crest, as well as the BMI. Then, a single regression
equation was developed to predict the male and female PCSA independently, using a gender
indicator variable. Finally, the effect of including a gender indicator variable was examined by
testing to see if there was a significant increase in the multiple coefficient of variation (R?). If
there was a significant difference, then the male and female regression equations were
statistically different, which indicates that the male regression equation could not be used to
predict the female PCSA.

Regression equations were also developed to predict the moment-arms of the muscles at
the muscle origin and insertion points, for both the sagittal and coronal planes. In the EMG-
assisted biomechanical model for males (Granata and Marras, 1993; Marras and Granata, 1995;
Marras and Sommerich, 1991a,b), the origin was defined to exist at the L, where the specific

insertion point for each muscle pair was a function of the magnitude of forward sagittal bending.
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The dependent variable consisted.of either the coronal or sagittal plane moment-arm. The
independent variables were the trunk width measured at the xyphoid process and the iliac crest
when the coronal plane moment-arm was used as the dependent variable, whereas the trunk depth
measured at the xyphoid process and the iliac crest was used for the independent variable when
the dependent variable was the sagittal plane moment-arm. Additionally, the body mass index
(kg/m?) was also used as an independent variable for the moment-arm regression equations.

Differences between the right and left side PCSAs were statistically analyzed in two
different ways. First, differences between the right and left side largest PCSA (irrespective of
which level it was located) for each muscle was assessed by using dependent sample #-tests,
performed independently for each gender. Secondly, differences between the right and left sides
at each specific vertebral level were assessed by performing an Analysis of Variance (ANOVA).
The dependent variable consisted of the muscle PCSA, and the independent variables included
the subject, vertebral level, side (right or left), and a vertebral level by side interaction. Since
each muscle was not always present at the same level for each subject, the data set was restricted
to the levels where complete data existed, and where each subject had the muscle present
between the two vertebral level endpoints. Thus, the latissimus dorsi muscle was restricted
between T, and L,, the erector spinae between T, and S, the rectus abdominis between L, and S,
the external obliques between L, and L,, the internal obliques between L, and L,, the quadratus
lumborum between L, and L,, and the psoas major between L, and S,. For subjects who did not
have muscle areas present between the vertebral level endpoints listed above, they were excluded
from the ANOVA. Post-hoc analyses consisted of Tukey pairwise comparisons on significant
effects.

Finally, statistical differences between males and females for the PCSA, the coronal and
sagittal plane moment-arms, as well as the muscle vector component directions at each vertebral
level were determined by using f-tests with independent observations, with equal or unequal

variances where appropriate, with a significant difference indicated when p < 0.05.
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Results

Anthropometric Measurements

The anthropometric data from the males and females are shown in Table 1.1. As
expected, the mean value of each variable for the males were greater in magnitude than those of
the females, although this difference was not tested statistically. When compared to other
studies, the females in this study were much younger (25.0 vs 49.6 yrs), slightly taller (165.5 vs
163.1 cm), and lighter (57.9 vs 67.6 kg) than those females in the study by Chaffin et al. (11).
The males in this study were slightly older (26.4 vs 25.3 yrs), were virtually the same height
(175.9 vs 176.1 cm), and slightly lighter (79.8 vs 81.5 kg) than the males in the study by McGill
et al. (15).

Physiological Cross-Sectional Muscle Areas

The PCSAs for each of the muscles are shown in Tables 1.2 through 1.15. These tables
list the mean and standard deviation of the PCSA for each muscle, by vertebral level. Also
included in these tables are comparisons between the female PCSA from this study and the data
from the females in the Chaffin et al. (11) study, comparisons between the male PCSAs of this
study and the data from males in a study by McGill et al. (15), as well as comparisons between
the female and male PCSAs of this study. The comparison between the different data sets
consist of the magnitude of the difference, as well as the percent difference, where the shaded
cells represent significant differences between the male and female PCSA.

As expected, the cross-sectional areas of the females were smaller than those of the
males, however, this difference differed as a function of the muscle of interest. The female
latissimus dorsi areas (Tables 1.2 and 1.3) ranged from 37% to 49% smaller than that of the
males, with an average of 40.7%, and were all significantly smaller than the male muscle areas.
Similarly, the female erector spinae areas (Tables 1.4 and 1.5) ranged from 37% to 48% smaller
than that of the males, with an average of 39.5%, again with the female PCSAs significantly
smaller at every level. The female rectus abdominis areas (Tables 1.6 and 1.7) ranged from 22%
to 41% smaller than the males, with an average of 30.3%. All levels except for the left rectus

abdominis at T,, were significantly smaller than the male PCSA. The female external obliques
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(Tables 1.8 and 1.9) ranged from 22% to 39% smaller than the males external obliques, with an
average of 29.9% across all levels. All but the right and left female PCSA at L were
significantly smaller than the male PCSA. The internal obliques (Tables 1.10 and 1.11) of the
females showed a wide range of area in comparison to the males, ranging from 10% larger to
47% smaller than the males, with the female areas at L, and L, significantly smaller than the
males for both right and left sides. The largest difference between the female and male PCSA
existed for the psoas major muscle (Tables 1.12 and 1.13), where the female PCSA ranged from
43% to 51%, averaging 47.3% smaller than the male psoas major PCSA. Finally, the female
quadratus lJumborum (Tables 1.14 and 1.15) ranged from 33% to 61% smaller than the male area,
with an average of 43.3% smaller. The female PCSA were significantly smaller than the male
PCSA at all levels except L;, which had very few observations.

The cross-sectional area of the female vertebral body (Table 1.16) was consistently
smaller than that of the males, ranging from 20% to 27% smaller, averaging 24.4% smaller than
that of the males. The trunk cross-sectional areas for the females (Table 1.17) ranged from 34%
smaller to 6% smaller. The largest difference was at T, (34% smaller than the male trunk area),
and the difference consistently decreased while descending the spine caudally to the smallest
difference (6% smaller) at the S, level.

Comparisons between the results of this study and similar studies from the literature are
also shown in Tables 1.2 through 1.17. Comparisons between the corrected cross-sectional areas
by level between the males of this study and the male subjects from McGill et al. (15) found that
across all muscles and levels, the absolute difference averaged 25.7%. After making the one-half
vertebral level adjustment to the current dataset, the absolute percent difference dropped to
12.7%. Thus, adjusting for the difference in the scan levels between the two studies resulted in
fairly good comparability for most of the muscle PSCAs between the two studies.

The study on elderly females by Chaffin et al. (1990) also set the scan slices through the
intervertebral disc, at the L,/L,, L,/L,, and L,/L, levels. When comparing the cross-sectional
muscle area of the current study from the L,, L., and L, levels with the muscle areas at the L,/L,,
L./L,, and L,/L; levels, respectively, from the Chaffin et al. study (1990), the absolute percent
difference was 31%. When using the midpoint adjusted area data for the current study, the

absolute percent difference dropped only to 23.3%. Generally, the PCSAs for the latissimus
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dorsi, rectus abdominis, and the external obliques for the current study were larger in comparison
to the data from Chaffin et al. (1990), whereas, the PCSAs for the erector spinae, internal
obliques, psoas major and quadratus lumborum were smaller than the cross-sectional areas of the

females in Chaffin et al. (1990).

Coronal Plane Moment-Arms

The coronal plane moment-arms for the males and females, as well as those documented
in other studies for comparison purposes are shown in Tables 1.18 through 1.31. The male
moment-arms were significantly greater than the females at all levels for the latissimus dorsi and
left erector spinae, and all but the lower three levels for the right erector spinae. Only the right
rectus abdominis resulted in significant differences between males and females, whereas none of
the levels were different on the left side. Five of the six levels resulted in significantly larger
male moment-arms for the external obliques and the psoas major, and three of the four levels
resulted in significantly larger male lateral moment-arms for the quadratus lumborum. Three of
the four levels for the right internal oblique and two of the for levels for the left internal oblique
resulted in larger male moment-arms.

The male coronal plane moment-arms of this study were very consistent with those
reported in McGill et al. (1993), with an average absolute difference of 8.0%, which decreased to
5.5% when adjusting for the one-half vertebral level difference. The absolute percent difference
between the coronal plane moment-arms were slightly larger when comparing the female data of
the current study to those of the Chaffin et al. (1990) study. Without adjusting for the one-half
vertebral level difference, the absolute percent difference was 11.2%, where the difference
dropped to 8.6% when adjusting for the vertebral level difference. Generally, the moment-arms
were smaller for all muscles except for the erector spinae, which were very similar to those of the

elderly female population in the Chaffin et al. (1990) study.

Sagittal Plane Moment-Arms

The sagittal plane moment-arms for the males and females, as well as those documented
in other studies for comparison purposes are shown in Tables 1.32 through 1.45. Compared to

the coronal plane moment-arms, there were fewer significant differences between males and
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females. For the latissimus dorsi, only the moment-arm at L, was significantly larger for the
males; the remaining levels resulted in no significant differences. The majority of levels,
however, for both sides of the erector spinae showed the males to have significantly larger
sagittal plane moment-arms than the females. Only the moment-arm at the S, level was not
significantly different between males and females for both right and left rectus abdominis. The
results were mixed for the external and internal obliques as well as the psoas major; the left side
of each muscle, however, did result in more significant differences than the right side, with the
males exhibiting larger moment-arms than the females, except for the psoas major. Finally, there
were no significant difference between the moment-arms for both the right and left quadratus
lumborum.

The absolute percent differences between the sagittal plane moment-arms for the males of
the current study and those of McGill et al. (1993) were much larger than the differences of the
coronal plane moment-arms. Generally, the absolute percent difference between the two studies
was 32.8%, which dropped to 23.6% when adjusting the data of the current study for the one-half
vertebral level difference. Extremely large percent differences exist for the external obliques and
the internal obliques, with the upper levels of the males in the current study having larger
moment-arms and the lowest level having smaller moment-arms. Large average percent
differences also resulted for the psoas major (75.2% and 52.2% for the right and left side,
respectively), with the moment-arms for the males in the current study being smaller at each
level (Tables 1.42 and 1.43). Aside from the left latissimus dorsi, (Table 1.33), the rest of the
muscles resulted in absolute percent differences between 6.6% and 11.4% (5.6% and 6.3% when
adjusting for the one-half vertebral difference).

The absolute percent difference between the females of the current study and those from
Chaffin et al. (1990) was fairly large (32.0%), although this large difference was primarily driven
by large percent differences between the psoas major. When accounting for the one-half
vertebral difference, the absolute percent difference drops to 16.7%, where the difference
between the sagittal plane moment-arms of the external and internal obliques increases the

percent difference.
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Muscle Vector Directions

The muscle vector directions for both males and females, in both the coronal and sagittal
plane are shown in Tables 1.46 through 1.59. Additionally, the results of the t-tests for the
statistical difference between the males and females by muscle and vertebral level are also
shown. For the right latissimus dorsi (Tables 1.46), the sagittal plane vector angle was greater
for the females than the males at T,,, whereas the males exhibited a greater anterior muscle
vector at T for the left latissimus dorsi (Table 1.47). For the erector spinae (Tables 1.48 and
1.49), there were significant differences between males and females at L, and L, for the left and
right muscles for the coronal plane vector, and only at L, for the left erector spinae for the
sagitta] plane vector. Several differences existed between males and females for the rectus
abdominis (Tables 1.50 and 1.51). The vector angle differences at L, and L, ranged from 1.8 to
9.4 degrees, with the male vector angles being more posterior in the sagittal plane than the
females. For the right side, L, and L, showed significant differences for coronal plane vectors;
for the left rectus abdominis, T,,, L, and L were significantly different in the coronal plane
between the genders. For the external obliques (Tables 1.52 and 1.53), the coronal plane vector
at L, was significant for both the right and left sides, with the females exhibiting a larger lateral
angle than the males. Additionally, the coronal plane vector at T,, was significant for only the
left external oblique. For the sagittal plane vectors, males exhibited greater posterior angles at
T, for both right and left external oblique, as well as at L, and L, for the right external oblique.
There were no gender differences for vectors in the sagittal plane for the internal obliques
(Tables 1.54 and 1.55), however, the coronal plane vector at L, was significantly different for the
right and left internal obliques, and at L, for the right internal oblique, with the females
exhibiting a greater lateral angle of the muscle vector than the males. There were no significant
differences for the right psoas major (Table 1.56), however, the vector at L, was significant in the
coronal plane for the left psoas major (Table 1.57) as well as L, for the sagittal plane vector. For
the quadratus lumborum (Tables 1.58 and 1.59), there was no difference between the genders in
either plane for the right side, and the females exhibited a greater anterior sagittal plane vector
for the left side at L;. Finally, the females exhibited greater anterior angles than males between
the T,; and T,;, and the T,, and T, vertebral levels (Table 1.60), although the differences were

only 4.3 and 3.2 degrees, respectively. The females had a significantly larger posterior vector
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angle between L, and S, than the males, with the females angle being 6.7 degrees greater in the

posterior direction than the males.

Prediction of Largest Muscle Areas

Summary tables of significant regression equations for predicting largest cross-sectional
areas, by muscle and gender are shown in Tables 1.61 through 1.64. The regression equations
predicting cross-sectional area for the muscles are shown in Tables 1.65 through 1.71, with each
table documenting a separate muscle. For the latissimus dorsi, use of the anthropometric
measurements at the xyphoid process resulted in significant regression equations for females,
with 33.5% to 37.2% of the variability in the PCSA explained. Similarly, for the males, the
xyphoid process resulted in a significant regression equation predicting the left latissimus dorsi
PCSA and the average of the largest of the right and left PCSA. None of the other
anthropometric variables (i.e., iliac crest, trochanter, and BMI) resulted in significant regression
equations predicting latissimus dorsi cross-sectional PCSA. When comparing the male and
female regression equations, there were no significant differences between the male and female
regression equations for those gender specific equations which significantly predicted muscle
PCSAs.

The use of BMI and the xyphoid process measurements resulted in significant equations
for the female erector spinae PCSA (Table 1.66), with R*’s between 0.423 and 0.443 for the
xyphoid process, and between 0.424 and 0.468 for the BMI. For the male erector spinae PCSAs,
use of the BMI and measurements about the trochanter resulted in significant regression
equations, with R”’s between 0.409 and 0.451 for the trochanter, and 0.443 and 0.452 for the
BMI. When comparing the gender specific regression equations, each regression equation (by
anthropometric variable) for the females was significantly different than the regression equations
for the males, thus indicating that the regression equations cannot be used interchangeably to
predict male or female muscle erector spinae PCSA.

For prediction of the rectus abdominis PCSA (Table 1.67), the use of the BMI and
measurements about the xyphoid process resulted in significant regression equations for the
females, with R?’s ranging from 0.353 to 0.405 using the xyphoid process measurements and

0.251 and 0.258 for the BMI. The use of the BMI resulted in significant regression equations for
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predicting male rectus abdominis PCSA (including the right and left side, as well as the average
of the largest right and left side), with R*’s ranging from 0.472 to 0.476. Investigation of
differences between regression equations predicting male and female muscle PCSA resulted in
no significant differences between the gender specific equations.

The use of the measurements about the xyphoid process resulted in significant regression
equations predicting the right, left, and average of the right and left largest external oblique
PCSA, for both females and males (Table 1.68). The R*’s ranged from 0.194 to 0.228 for
females, and 0.466 to 0.508 for males. The male and female regression equations were
significantly different from each other when predicting the left cross-sectional area, and also the
average of the right and left largest cross-sectional areas, and was marginally significant when
predicting the right external oblique area (p=0.0534). Thus, the individual regression equations
for the males and females are not interchangeable for predicting the largest PCSAs of the
external obliques.

The use of the BMI and measurements about the xyphoid process resulted in significant
regression equations predicting the PCSA of the internal obliques for the females (Table 1.69),
with R?’s ranging from 0.505 to 0.591 when using the xyphoid process, and ranging from 0.415
to 0.590 when using the BMI. The xyphoid process measurements resulted in significant
regression equations for predicting male internal obliques PCSA for the right (R’=0.470) and the
average of the right and left side (R?>=0.493), whereas the BMI significantly predicted the left
internal oblique PCSA. When comparing the gender specific regression equations, there were no
significant differences between the gender specific equations when using measurements about
the xyphoid process, however, the use of the BMI did result in significant differences in gender
specific equations for the left and average of the right and left PCSA.

As shown in Table 1.70, none of the anthropometric variables used to predict the psoas
major PCSA resulted in significant regressions for females, and only the measures about the
xyphoid process significantly predicted PCSAs for males. The use of measurements about the
xyphoid process resulted in significant regression equations predicting the PCSA of the
quadratus lumborum (Table 1.71) for the right and left sides, as well as the average of the largest
right and left areas for the females only (R*’s ranged from 0.269 to 0.329). The measurements

about the trochanter resulted in significant regression equations predicting the right and left
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PCSAs as well as the average of the right and left PCSA for males (R*’s ranged from 0.453 to
0.561). Finally, the male and female regression equations were significantly different from each

other for PCSA predicted, as well as for each anthropometric variable used to predict the PCSAs.

Prediction of Muscle Moment-Arms

Summary statistics (p-values) for the prediction of female moment-arms at the origin and
insertion in both the coronal and sagittal plane, from external anthropometric measurements are
shown in Table 1.72 to 1.75. Generally, there were no significant prediction equations of the
moment-arms at the origin (L;) in the sagittal plane for females, and only the right external
oblique was predicted by any external anthropometric measure (trunk width at the xyphoid
process). Summary statistics for prediction of male moment-arms at the origin and insertion in
both the coronal and sagittal plane, from external anthropometric measurements are shown in
Table 1.76 to 1.79. The resulting regression equations for each muscle, plane, and gender are
shown in Table 1.80 to 1.89. For the latissimus dorsi (Tables 1.80 and 1.81), the trunk depth and
width measures at the iliac crest did not result in any significant associations for females.
Generally, the xyphoid process and BMI resulted in significant predictions of the coronal plane
moment-arm for both sides for females. The BMI was significant for the coronal plane male
moment-arm at the origin of the right latissimus dorsi, and also for the coronal plane moment-
arm of the left latissimus dorsi at the insertion. For the erector spinae (Tables 1.82 and 1.83),
there were no significant regression equations for moment-arms for either gender for the left
erector spinae, and only the sagittal plane moment-arm at the insertion for females and coronal
plane moment-arm for males at the insertion resulted in significant predictions. The regression
equations predicting coronal and sagittal plane moment-arms for the rectus abdominis (Tables
1.84 and 1.85) resulted in several significant associations. The most consistent predictions
occurred for the moment-arms in the sagittal plane at the insertion, for both males and females,
for both the right and left side. The trunk depth measured at the xyphoid process and the BMI
significant for both sides. Prediction of right and left external oblique moment-arms in the
coronal plane at the origin and insertion for males resulted in several significant anthropometric
variables, including the trunk depth measured at the xyphoid process and iliac crest, as well as

the BMI (Tables 1.86 and 1.87). Essentially, only the coronal plane female moment-arms at the
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insertion were significant, with the trunk width measured at the xyphoid process and the BMI
resulting in significant regression equations (Tables 1.86 and 1.87). Finally, the trunk width and

depth measures at the xyphoid process and the BMI were significant predictors of both coronal

and sagittal plane moment-arms for the right and left internal obliques for the females at the

insertion level (Tables 1.88 and 1.89).

Differences between Right and Left Muscle Areas

The mean difference between the largest right and left muscle PCSAs, for both males and
females are shown in Table 1.90. Both males and females exhibited significantly larger right
side than left side for the latissimus dorsi. The external obliques were significantly larger on the
right side than the left for the females, where the left side was significantly larger for the psoas
major and quadratus lumborum. No other significant differences between the sides existed for
the males. The Analysis of Variance on the differences between the right and left side cross-
sectional areas by vertebral level for both females and males are shown in Table 1.91. There
were significant differences between the right and left cross-sectional areas for the latissimus
dorsi for both the females and males, and the quadratus lumborum for only the females. Post-hoc
tests found that these differences occurred at the T, through T, levels for both males and females
for the latissimus dorsi, with the right side being larger than the left side (Table 1.87). For the
quadratus lumborum muscle, post-hoc tests found that the left side was significantly larger than
the right side for levels L; and L, for the females. The magnitude and percent difference between
the right and left sides for each muscle group are shown in Table 1.93 for the females, and 1.94
for the males. Significant differences found from the Tukey pairwise comparisons are also

shown, which correspond to the significant levels and sides shown in Table 1.92.

Muscle Vector Locations

The locations of the components of the muscle vectors in the coronal and sagittal plane at
the origin specified by the EMG-assisted model (L;) for each of the five pairs of muscles are
shown in Tables 1.95 to 1.97. Each of the values in these tables represents the coefficient in
which the external anthropometric measure is multiplied by to estimate the distance of the vector

from the vertebral body centroid in the coronal plane. In Tables 1.95 through 1.97, the
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coefficients for the latissimus dorsi, erector spinae, and rectus abdominis are all the same,
however, the vector locations at the origin for the external and internal obliques were determined
differently. In Table 1.95, the vectors were projected through L; using the vector at thé angle
between L, and L, for the external obliques, and L, and L, for the internal obliques. In Table
1.96, the internal obliques are the same as in Table 1.95, however, the external obliques were
projected at a anterior/caudal 45 degree angle from the centroid at L, to L. In Table 1.97, the
internal obliques were projected from the L, centroid to L, at a posterior/caudal 45 degree angle.
These angles for the external and internal oblique represent estimates of the muscle fiber angle
rather than the vectors determined from the centroid. The vector coefficients for the origins
(Tables 1.95 to 1.97) are all very similar, for both males and females, whether using the iliac
crest or the xyphoid process external anthropometric measures. Inspection of differences
between males and females indicate that the female centroid for the external and internal
obliques lies relatively more lateral from the spine centroid than for males. Similarly, the
centroid locations for the latissimus dorsi and erector spinae lie relatively more posterior to the
spine centroid for females than males, as a function of the trunk depth measured at the xyphoid
process. The effect of using different vector directions for the external and internal obliques are
evident when observing the resulting coefficients in Tables 1.95 to 1.97. When the 45 degree
angle was used for the external oblique, the vector location at the origin is further in the anterior
direction than when using the vector direction determined from the muscle centroids. In Table
1.97, using the 45 degree angle for the internal vector direction, the coeffients indicate they lie
posterior to the vertebral centroid, rather than anterior to the vertebral centroid when using the
muscle centroid method. The posterior location of the vector at the origin is consistent with the
assumption that the internal oblique functions as an extensor of the spine (Marras and Granata,
1997). Viewing the insertion vector locations for both the iliac crest and xyphoid process (Table
1.98), the coefficients are all very similar between the iliac crest and xyphoid process, for both
males and females. Slight differences exist between the male and female insertion vector
locations, where the largest differences occur between the iliac crest coefficients for the rectus
abdominis in the sagittal plane (females exhibiting a smaller ratio of A/P moment-arm to trunk

depth than males).
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Distribution of the Largest Muscle Area

The distribution of the largest muscle PCSA for both the right and left pairs of each
muscle, as a function of vertebral level are shown in Tables 1.99 through 1.105. Although there
was some variability between the right and left pairs of each muscle as far as which vertebral
levels had the highest percentage of the largest PCSAs, as well as which levels had the largest
PCSA present, general trends did exist. For the latissimus dorsi (Table 1.99), the largest PCSA
occurred mostly at the T level, with very few at T,. The largest PCSA for the erector spinae
were generally split between L; and L,, with a few located at L, and L, (Table 1.100). The
largest PCSA location for the rectus abdominis indicated a large variability for both males and
females (Table 1.101). For the females, the largest PCSA generally occurred at S, for the right
side, and L, and S, for the left side, with a few at several other levels. For the males, 60% of the
largest PCSAs were at S, for the right side, and was evenly distributed between the L,, L; and S,
levels for the left side. For both male and females, the largest external oblique PCSA for the
right and left sides were generally located at L; and L, (Table 1.102). The largest internal
obliques PCSA (Table 1.103) generally were located at L,, with a few also located at L, and L,.
The largest PCSA for the quadratus lumborum (Table 1.104) was typically found at L,, with a
few distributed across L,, L, and L;. Finally, the largest PCSA for the psoas major (Table 1.105)

were found between L, and L., with a few also found at the S, level. major.

Discussion

Female Data

The database of muscle cross-sectional areas, moment-arms from the vertebral centroid,
and muscle vector angles represent the largest and most complete database for the females to
date, as well as for male to female comparisons. The female areas for the latissimus dorsi, rectus
abdominis and external obliques are larger than those quantified by Chaffin et al. (1990),
whereas the areas were smaller for the erector spinae, internal obliques, psoas major and
quadratus lumborum were smaller than Chaffin et al. (1990), even after adjusting the areas by
one-half of a vertebral level. The scans in Chaffin et al. (1990) were taken by computed

tomography (CT), and the separation between muscles or the muscle borders may not have been
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as clear as when using MRI technology. Additionally, the female subjects in Chaffin et al (1990)
were elderly females, with a mean age of 49 yrs, compared to 25.3 yrs in the current study, which
may show up as muscle atrophy in the elderly population for some of the muscles.

Differences also existed for the moment-arms in both planes between the females from
Chaffin et al. (1990) and the current study. Generally, all the coronal plane moment-arms in the
current study were smaller than from Chaffin et al. (1990), with the one-half level adjustment
making better comparisons only for the psoas major and quadratus lumborum. The sagittal plane
moment-arms for the current study showed no apparent patterns. The erector spinae moment-
arms of the current study were slightly smaller than those in Chaffin et al. (1990), with the one-
half level adjustment not making much difference for comparability, and the rectus abdominis
were smaller at the lower two levels of comparison for the current study, again the one-half level
adjustment not making much difference. The external and internal obliques, as well as the psoas
major were both smaller and larger, depending on the level of comparison, with the one-half
level of adjustment decreasing the differences between the two studies. The differences between
the moment-arm distances between the two studies may have been influenced by the different
scan techniques, with Chaffin et al (1990) using CT technology versus MRI in the current study.
The use of MRI technology, again, may increase the clarity of the muscle border and spine
border locations, which can affect the resulting distances between the centroids of the objects of
interest.

Differences in the moment-arm distances may also exist due to possible age-related
differences such as increases in body mass. The females in Chaffin et al. (1990) average 49.6
years compared to 25.0 yrs for the current study, with the elderly females being shorter (163.1
cm vs 165.5 cm) and heavier (67.6 kg vs 57.9 kg) than the females of the current study. This
indicates that the elderly females had a higher BMI, or more soft tissue, which may increase the
distance between the spine and certain muscles, depending on the deposit locations of adipose
tissue. The larger BMI of the elderly female populations is also consistent with observation that
the trunk cross-sectional areas at the three levels of comparison, with the females of the current

study averaging 23% less cross-sectional area at the levels of comparison than the older females

in the Chaffin et al. (1990) study.
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Male Data

The largest database for comparison purposes to the male data in the current study was
from McGill et al. (1993), which quantified the muscle cross-sectional areas and moment-arms
from T,/T, through L,/S,, also with the use of MRI technology. Generally, when correcting for
the one-half of a level difference of the location of the scan slices, the cross-sectional areas of
similar muscles were fairly consistent between the two studies for the latissimus dorsi, erector
spinae, rectus abdominis (Tables 1.2 through 1.7), and the psoas major (Tables 1.12 and 1.13),
with average percent differences ranging from 6% to 12.8% between similar muscles at similar
levels. Larger differences existed between the external and internal obliques (Tables 1.8 through
1.11), as well as the quadratus lumborum (Tables 1.14 and 1.15), between the two studies.

Comparisons of the lateral moment-arms between the males of the current study and
those of McGill et al. (1993) found that the moment-arm distances were all very comparable,
with most of the differences ranging from an average of 2.8% difference (left psoas major) to a
6.2% difference (left rectus abdominis). Only the right rectus abdominis and left quadratus
lumborum resulted in larger differences between the two studies (15.5% and 9.0%, respectively).
The differences between the sagittal moment-arms, however, were much higher between similar
muscles and scan levels between the males from the current study and those of McGill et al.
(1993). The erector spinae and rectus abdominis sagittal moment-arms were very similar
between the two studies. However, the left latissimus dorsi (30.8%), the external obliques
(14.3% and 25.2%, for right and left, respectively), internal obliques (26.7% and 30%, for right
and left, respectively), and the psoas major (81.8% and 53.8%, for right and left, respectively),
had fairly large absolute percent differences. The large percent differences between the psoas
major can be attributed to the small moment-arms, where slight differences would result in large
percent differences.

The differences between the internal and external obliques, and the quadratus lumborum
for the PCSAs and some of the moment-arms, however, may have resulted from the differences
in the vector directions used to obtain the PCSA. In the current study, the centroid method was
used to represent the vector direction of muscle force. However, McGill et al. (1993) utilized

muscle fiber directions rather than the centroids. These resulted in different angles used for the
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adjustment from raw CSAs to PCSAs between the two studies, and thus result in different

PCSAs and moment-arms.

Females vs. Males

As expected, the comparisons of the PCSAs, coronal and sagittal plane moment-arms, as
well as the muscle vector directions in both the coronal and sagittal planes resulted in many
significant differences between the two genders. The importance of these differences may,
however, be illuminated when trying to predict the PCSAs of the males and females based upon
external anthropometry, or in other words, normalizing the PCSAs, as well as the moment-arms
in both the coronal and sagittal planes, to measurable external anthropometry variables. The
current EMG-assisted biomechanical model (Granata and Marras, 1993; Marras and Granata,
1995; Marras and Sommerich, 1991a,b) uses coefficients which are multiplied by the trunk width
to estimate the coronal planel moment-arms, and trunk depth to estimate the sagittal plane
moment-arm, where the trunk width and depth are measured at the iliac crest. Additionally, the
product of the trunk width and trunk depth measured at the iliac crest is used to predict the cross-
sectional areas of the trunk muscles. However, the use of trunk width and trunk measurements at
the iliac crest to predict the PCSA of each of the 10 trunk muscles, as well as the average of the
right and left muscles for each of the five pairs of muscles resulted in no significant regression
equations for females (Tables 1.61 and 1.62), nor for the males (Tables 1.63 and 1.64).
Typically, the measures about the xyphoid process did much better at predicting the largest
PCSAs, for both males and females. As shown in Table 1.63, use of the male xyphoid process
measures resulted in significant prediction equations of the PCSAs (p<0.05) for all but the
erector spinae, rectus abdominis and quadratus lumborum, with the erector spinae and rectus
abdominis equations approaching significance (p=0.0871 and p=0.0742, respectively). For the
females (Table 1.61), the measures about the xyphoid process resulted in significant prediction
equations for PCSAs for all but the psoas major. When using measures about the xyphoid
process, the percent of the variance of the PCSA explained were somewhat modest, however,
ranging from 22.8% to 50.5% for the average of the right and left muscles for the females, and
19.4% to 59.1% for each of the individual muscles for the females. These values, however, are

much higher than when using the measures about the iliac crest, where 1.1% to 14.3% of the
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variance of the PCSA was explained when predicting the average of the largest right and left
muscles; when predicting the individual muscle PCSAs, only 0.4% to 14.3% of the variance was
explained for females using the measures about the iliac crest. Thus, the use of measures about
the xyphoid process provided better prediction of the largest PCSA for both the females and the
males than when using the iliac crest anthropometric measurements.

The use of measures about the iliac crest to predict moment-arms in the coronal and
sagittal plane showed very poor results for females and males. For the females, only the right
external oblique resulted in a significant predicted moment-arm at the origin, which was based
on the trunk width in the coronal plane (Table 1.72). The use of trunk depth and width measures
about the xyphoid process resulted in more significant prediction equations for moment-arms at
the insertion. Both anthropometric measures significantly predicted the moment-arms in the
coronal plane for the latissimus dorsi, and external and internal obliques (Table 1.74), and also
for the rectus abdomins and internal obliques for the moment-arms in the sagittal plane (Table
1.75). For the males, the measures about the iliac crest and xyphoid process resulted in no
significant prediction equations for the right and left pairs of the latissimus dorsi and erector
spinae for the sagittal moment-arms at both the origin and insertion levels, as well as no
significant regression equations for the internal and external obliques at the insertion levels (L,
for internal obliques, and L, for external obliques). The rest of the muscles showed inconsistent
associations or no associations to trunk width or trunk depth measurements either at the iliac
crest or the xyphoid process. Therefore, the use of measures about the xyphoid process to predict
moment-arms, although not consistent across all muscles, performs better at predicting moment-
arms than using measures about the iliac crest, for females as well as males.

Most of the male PCSAs were significantly larger than those of the females. However,
when normalizing the PCSAs to external anthropometric measures of the trunk width multiplied
by the trunk depth, fewer differences resulted. Specifically, the separate regression equations
predicting the PCSAs were significantly different for the erector spinae, external and internal
obliques, and the psoas major and quadratus lumborum, but not for the rectus abdominis or
latissimus dorsi muscles. Given that the erector spinae are the major extensor muscles which
raise the torso during lifting activities, and that the external and internal obliques are involved

during twisting activities, it is necessary that the development of the EMG-assisted
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biomechanical model for females be developed using the female specific regression equations
predicting cross-sectional muscle areas.

The external obliques exhibited greater lateral angles for the females than the males
between the L, and L, vertebral levels, with differences of about 7 degrees (Tables 1.52 and
1.53). The internal obliques also showed larger differences in the lateral vector angles for the
lower levels as well (L, and L,), with differences ranging from 5.6 to 14.3 degrees, with the
females exhibiting vector angles more lateral from the L, to L, vertebral levels than the males
(Tables 1.54 and 1.55). Thus, these differences in vector angles between males and females near
the L, vertebral level indicates that the contribution of the external and internal obliques to the
loading on the spine may be different between the males and females for similar motions and

exertion levels.

Right and Left Side Symmetry

Results of the statistical analysis revealed several differences between the PCSAs for both
the males and females. Both males and females exhibited significantly larger right side
latissimus dorsi muscle area when considering just the largest PCSAs (Table 1.90).

Additionally, there existed statistically larger right side than left side PCSAs for both males and
females for the more superior levels scanned (1.91 and 1.92). The findings of McGill et al.
(1993) also support the existence of larger right than left side cross-sectional areas, although this
difference was not tested statistically, and this was only for males. Thus, the influence of the
force generating capability of the muscles may be influenced by the direction of the exertion
(right or left side), as well as the type of exertion which would have an influence on the muscle

groups recruited.

Muscle Vector Locations

As shown in Tables 1.95 to 1.98, the muscle vector locations for males and females, as a
function of external anthropometric measurements are given for each of the ten muscles used in
the EMG-assisted biomechanical model, as a function of external anthropometric measurements.
Generally, there were very small differences between the coefficients determined from the iliac

crest and from the xyphoid process at the muscle origins (L;). Differences between the
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coefficients for males and females were very small, generally in the 1 to 3% range. However, a
large difference existed at the origin for the external and internal obliques, with the females
vector location lying more lateral than the males vector location when the xyphoid process trunk
width measurement was used. This is consistent with the observation of females possessing
greater hip breadth than men (9), as well as the observation of the females in this study exhibiting
larger lateral vector angles in the lower lumbar area than males (Tables 1.54 to 1.57).
Additionally, the female coefficients at the insertion level were smaller than the males for the
rectus abdominis in the sagittal plane when using the trunk depth measured at the iliac crest as a
reference (Table 1.98). This is consistent with the findings of Reid and Costigan (1987) who
found the females exhibited smaller sagittal moment-arm to trunk depth ratios than males, with
the trunk depth measured at the L, level. Thus, these gender differences in muscle vector
location indicates that the loading directions may be different depending on the direction of the
exertion (e.g., flexion for the rectus abdominis or twisting or extension for the internal obliques),
or as increases in coactivity occur, which would influence the loading on the spine (Granata and

Marras, 1995).
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Proprietary data of the Biodynamics Laboratory at The Ohio State University

Table 1.2. Mean (s.d.) trunk muscle physiological cross-sectional area of the Right Latissimus Dorsi. Data
collected (OSU) are compared with literature values for males and females. Differences between literature values

and the current data are described in terms of area and as a percent of the literature values [ ]. Absolute and percent
differences in muscle areas between male and female subjects are also shown.

Right Latissimus Dorsi - Physiological Cross-Sectional Area

Level OSU | McGill | Difference® | Difference® OSsuU Chaffin | Difference® | Difference® | Female
Male et al., [% Diff.] [% Diff.] Female etal., [% Diff.] [% Diff.] \'H]
mean® | (1993) mean® | (1990) Male®€
(sd) | mean* (s.d.) mean®
(s.d) (s.d.)
T8 2205 1581 624 522 1350
(520) (159) [39] [33] 472)
T9 2000 1458 542 388 1181
(465) (269) 27} 271 (550)
Ti0 1692 1368 324 221 1020
(487) (330) [19] [16] (534)
T11 1486 1254 232 124 903
(454) (281) [19] [10] (522)
T12 1269 1014 255 87 772
(396) (264) [25] [9] (455)
L1 932 717 215 72 546
(260) (260) [30] [10] (307)
L2 646 429 217 35 345 120 225 125
(206) | (202) [51] [8] (193) (40) [188] [104]
L3 282 232 50 144 130 14
(153) | (192) [22] (68) (40) [11]
L4 130
(50
L5
S1

A: Square mm,;
B: Female minus Male (Square mm);
C: Shaded cells represent significant difference between females and males (p<0.05);

D: Comparisons based on data adjusted one-half of a vertebral level.
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Proprietary data of the Biodynamics Laboratory at The Ohio State University

Table 1.3. Mean (s.d.) trunk muscle physiological cross-sectional area of the Left Latissimus Dorsi. Data collected
(OSU) are compared with literature values for males and females. Differences between literature values and the
current data are described in terms of area and as a percent of the literature values [ ]. Absolute and percent

differences in muscle areas between male and female subjects are also shown.

Left Latissimus Dorsi - Physiological Cross-Sectional Area

Level OSU | McGill | Difference® | Difference” | OSU Chaffin | Difference® | Difference® || Female
Male etal., [% Diff.] [% Diff.] Female etal, [% Diff.] [% Diff.] ]
mean® | (1993 ) mean® | (1990) Male®€
(s.d.) | mean* (s.d) mean® [%Diff.]
(s.d.) (s.d.)
T8 1988 1582 406 314 1210
(608) | (281) [26] [20] (496)
T9 1804 1417 387 253 1080
462) | (293) [27] [18] (530)
T10 1535 1239 296 245 939
@84) | @57 [24] [20] (512)
Ti1 1433 1102 331 202 863
476) | (316) [30] [18] (494)
T12 1175 960 215 83 729
@1 | (310 [22] [9] (441)
L1 910 682 228 84 572
94) | (260) [33] [12] (312)
L2 621 372 249 81 365 140 225 126
e43) | (61 [67] 22 252) | (60) [161] [90]
L3 284 256 28 166 130 36
(158) | @17) [11] (75) (50) [28]
L4 150
(60)
L5
S1

A: Square mm,;

B: Female minus Male (Square mm);

C: Shaded cells represent significant difference between females and males (p<0.05);
D: Comparisons based on data adjusted one-half of a vertebral level.

32




Proprietary data of the Biodynamics Laboratory at The Ohio State University

Table 1.4. Mean (s.d.) trunk muscle physiological cross-sectional area of the Right Erector Spinae. Data collected
(OSU) are compared with literature values for males and females. Differences between literature values and the
current data are described in terms of area and as a percent of the literature values [ ]. Absolute and percent
differences in muscle areas between male and female subjects are also shown.

Right Erector Spinae - Physiological Cross-Sectional Area

Level OSU | McGill | Difference® | Difference® | OSU Chaffin | Difference® | Difference® | Female
Male etal, [% Diff.] [% Diff.] Female etal, [% Dift.] [% Diff.] Vs
mean® | (1993) mean® | (1990) Male®©
(s.d) | mean* (s.d) mean® [%6Diff.]
(s.d) (s.d.)
T8 1291 1049 242 283 760
216) | (201) [23] 27] (166)
T9 1372 1413 -41 26 834
48) | (304) [-3] 2] (169)
T10 1506 1690 -184 -92 944
@81) | (210) [-11] [-5] (183)
T11 1713 1832 -119 -6 1076
@75 | @82 [-7] [0] (238)
T12 1938 2614 -676 -511 1151
(293) | (584) [-26] [-20] (248)
L1 2267 2615 -348 -156 1370
(362) | (405) [-13] [-6] (325)
L2 2651 2854 -203 -125 1601 1820 219 -157
@35) | (547) 7] [-4] a73) | 70 [-12] [-9]
L3 2807 2831 -24 -48 1725 1850 -125 -144
(412) | (458) [-1] [-2] (411) (300 [-7] [-8]
L4 2758 2151 607 98 1687 1740 -53 411
@G21) | (539) [28] [5] G32) | Goo) [-3] [-24]
L5 1740 905 835 361 972
625) | @331 [92] [40] (391)
S1 792 493
(144) (98)

A: Square mm,;

B: Female minus Male (Square mm);

C: Shaded cells represent significant difference between females and males (p<0.05);
D: Comparisons based on data adjusted one-half of a vertebral level.
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Proprietary data of the Biodynamics Laboratory at The Ohio State University

Table 1.5. Mean (s.d.) trunk muscle physiological cross-sectional area of the Left Erector Spinae. Data collected
(OSU) are compared with literature values for males and females. Differences between literature values and the
current data are described in terms of area and as a percent of the literature values [ ]. Absolute and percent
differences in muscle areas between male and female subjects are also shown.

Left Erector Spinae - Cross-Sectional Area

Level OSU | McGill | Difference® | Difference® | OSU Chaffin | Difference® | Difference® | Female
Male etal., [% Diff.] [% Diff.] Female etal., [% Diff.] [% Diff.] VS
mean® | (1993) mean® | (1990) Male®©
(s.d.) | mean* (s.d) mean® [%Diff.]
(s.d) (s.d)
T8 1301 1129 172 214 781
225) | (100 [15] [19] (160)
T9 1384 1471 -87 8 836
38) | (351) [-6] [1] (188)
T10 1574 1722 -148 -44 957
(303) | (279) [-9] [-3] (230)
Ti11 1782 2041 -259 -167 1082
352) | ©285) [-13] [-8] (250)
Ti2 1966 2601 -635 -480 1184
(345) | (559) [-24] [-18] (264)
L1 2275 2723 -448 -269 1400
(74) | (428) [-16] [-10] (299)
L2 2633 2833 =200 -100 1614 1790 -176 -111
420) | (456) [-7] [-4] (362) | (310 [-10] [-6]
L3 2833 2933 -100 -136 1743 1850 -107 -112
455) | (382) [-3] [-5] (357) (300 [-6] [-6]
L4 2760 2234 526 43 1732 1730 2 -387
381) | (476) [24] 2] (322) | (300) [0] [-22]
L5 1793 986 807 321 954
(585) | (338) 182] [33] G77)
S1 821 518
(129) (114)

A: Square mm;

B: Female minus Male (Square mm);

C: Shaded cells represent significant difference between females and males (p<0.05);
D: Comparisons based on data adjusted one-half of a vertebral level.
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Proprietary data of the Biodynamics Laboratory at The Ohio State University

Table 1.6. Mean (s.d.) trunk muscle physiological cross-sectional area of the Right Rectus Abdominis. Data
collected (OSU) are compared with literature values for males and females. Differences between literature values

and the current data are described in terms of area and as a percent of the literature values [ ]. Absolute and percent
differences in muscle areas between male and female subjects are also shown.

Right Rectus Abdominis - Physiological Cross-Sectional Area

Level OSU | McGill | Difference* | Difference® | OSU Chaffin | Difference® | Difference® | Female
Male etal, [% Diff.] [% Diff.] Female etal., [% Diff.] [% Diff.] Vs
mean® | (1993) mean® | (1990) Male®¢
(s.d.) | mean* (s.d) mean® [%Diff.]
(s.d) (s.d.)
T8
T9
T10
T11
T12 555 409
a71) (78)
L1 614 576 38 20 478
(160) | (151) 7] 3] (103)
L2 577 712 -135 -69 418 330 88 99
102) | 39) [-19] [-10] 118) | (160 [27] [30]
L3 709 670 39 37 439 370 69 93
@66) | (133) 6] 6] a3 | @10 [19] [25]
14 704 750 -46 24 487 400 87 110
@23) | ©o7) [-6] 3] (173) | (@100) [22] [28]
L5 843 787 56 72 532
(206) | (250) [7] [9] (150)
S1 874 587
(241) (216)

A: Square mm;
B: Female minus Male (Square mm);
C: Shaded cells represent significant difference between females and males (p<0.05);
D: Comparisons based on data adjusted one-half of spine level.
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Proprietary data of the Biodynamics Laboratory at The Ohio State University

Table 1.7. Mean (s.d.) trunk muscle physiological cross-sectional area of the Left Rectus Abdominis. Data
collected (OSU) are compared with literature values for males and females. Differences between literature values

and the current data are described in terms of area and as a percent of the literature values [ ]. Absolute and percent
differences in muscle areas between male and female subjects are also shown.

Left Rectus Abdominis - Physiological Cross-Sectional Area

Level OSU | McGill | Difference® | Difference® | OSU Chaffin | Difference* | Difference® | Female
Male etal., [%6 Diff.] [% Diff.] Female etal,, [% Diff.] [% Diff.] VS
mean® | (1993) mean® | (1990) Male®€
(s.d) | mean* (s.d) mean® [%Diff ]
(s.d.) (s.d)
T8
T9
T10
T11
T12 591 450
(188) (92)
L1 641 514 127 105 484
06) | (99) [25] [20] (108)
L2 597 748 -151 =70 434 340 94 100
(134) | (40) [-20] [-9] as | @20 [28] [29]
L3 758 693 65 27 446 370 76 105
esn | am 9] [4] a26) | (120) 21] [28]
L4 682 746 -64 26 503 410 93 47
@36) | sy [-9] [3] @2 | @20 [23] [11]
L5 861 802 59 60 539
@32) | @41 [57] [7] (129)
S1 863 605
(225) (238)

A: Square mm;
B: Female minus Male (Square mm);
C: Shaded cells represent significant difference between females and males (p<0.05);
D: Comparisons based on data adjusted one-half of spine level.
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Proprietary data of the Biodynamics Laboratory at The Ohio State University

Table 1.8. Mean (s.d.) trunk muscle physiological cross-sectional area of the Right External Obliques. Data
collected (OSU) are compared with literature values for males and females. Differences between literature values
and the current data are described in terms of area and as a percent of the literature values [ ]. Absolute and percent
differences in muscle areas between male and female subjects are also shown.

Right External Obliques - Physiological Cross-Sectional Area

Level [ OSU | McGill | Difference* | Difference® [ OSU Chaffin | Difference* | Difference® | Female
Male etal., [% Diff.] [% Diff.] | Female etal., [% Diff.] [% Diff.] Vs
mean®| (1993) mean* | (1990) Male®€
(s.d) | mean*E (s.d) mean® [%6Diff.]

(s.d.) (s.d.)
T8
T9
T10
Til
Ti2 622 486
(159) (110)
L1 797 539
(178) (112)
L2 849 1158 -309 -220 619 370 249 291
179 | (22 [-27] [-19] (133) | 120 [67] [79]
L3 1026 1121 -95 -69 702 440 262 258
(210) [-8] [-6] (100) | (140) [60] [59]
L4 1078 915 163 5 693 460 233 179
01) | (199) [18] [1] (115) | (140) [51] [39]
L5 761 585
(301) (185)
S1

A: Square mm;

B: Female minus Male (Square mm);

C: Shaded cells represent significant difference between females and males (p<0.05);

D: Comparisons based on data adjusted one-half of spine level.

E: Cross-sectional area at 1.3/1.4 (shown as L3 in the table) corrected for muscle fiber direction.
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Proprietary data of the Biodynamics Laboratory at The Ohio State University

Table 1.9. Mean (s.d.) trunk muscle physiological cross-sectional area of the Left External Obliques. Data
collected (OSU) are compared with literature values for males and females. Differences between literature values
and the current data are described in terms of area and as a percent of the literature values [ ]. Absolute and percent
differences in muscle areas between male and female subjects are also shown.

Left External Obliques - Physiological Cross-Sectional Area

Level OSU | McGill | Difference® | Difference” | OSU Chaffin | Difference® | Difference® | Female
Male | etal, [% Diff.] [% Diff.] [ Female etal., [% Diff.] [% Diff.] Vs
mean* | (1993) mean® | (1990) MaleP€
(s.d.) | mean™® (s.d) mean® [%Diff.]
(s.d) (s.4.)
T8
T9
T10
Ti1
Ti12 584 448
(119) (66)
L1 751 499
(157) (104)
L2 841 1351 -510 -417 597 550 47 87
197y | (282) [-38] [-31] 17 | @60 [9] [16]
L3 1026 1121 -95 -55 676 600 76 76
(254) [-8] [-5] (120) (140) [13] [13]
L4 1106 992 114 -26 675 600 75 35
@26) | @78 [1] [-3] 103) | (160) [13] [6]
L5 826 594
(237) (143)
S1

A: Square mm;

B: Female minus Male (Square mm);

C: Shaded cells represent significant difference between females and males (p<0.05);

D: Comparisons based on data adjusted one-half of spine level.

E: Cross-sectional area at L.3/1.4 (shown as L3 in the table) corrected for muscle fiber direction.
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Proprietary data of the Biodynamics Laboratory at The Ohio State University

Table 1.10. Mean (s.d.) trunk muscle physiological cross-sectional area of the Right Internal Obliques. Data
collected (OSU) are compared with literature values for males and females. Differences between literature values

and the current data are described in terms of area and as a percent of the literature values [ ]. Absolute and percent
differences in muscle areas between male and female subjects are also shown.

Right Internal Obliques - Physiological Cross-Sectional Area

Level | OSU | McGill | Difference* | Difference® [ OSU Chaffin | Difference* | Difference® | Female
Male et al,, [% Diff.] [% Diff.] || Female etal., [% Diff.] [% Diff.] Vs
mean® | (1993) mean® | (1990) Male®€
(s.d) | mean*® (s.d) mean® [%Diff.]
(s.d.) (s.d.)
T8
T9
T10
T11
T12
L1
L2 279 1055 -776 -549 308 400 -92 -37
(158) | (173) [-74] [-52] (85) | (140) [-23] [-9]
L3 733 1154 -421 -287 418 530 -112 =21
(316) [-36) [-25] (193) | (130 [-21] [-4]
L4 1002 903 99 -186 599 530 69 -14
269 | (83) [11] [-21] (160) | (180) [13] [-3]
L5 432 432
(575) (138)
S1

A: Square mm,;
B: Female minus Male (Square mm);
C: Shaded cells represent significant difference between females and males (p<0.05);
D: Comparisons based on data adjusted one-half of spine level.

E: Cross-sectional area at 1.3/L4 (shown as L3 in the table) corrected for muscle fiber direction.
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Table 1.11. Mean (s.d.) trunk muscle physiological cross-sectional area of the Left Internal Obliques. Data
collected (OSU) are compared with literature values for males and females. Differences between literature values

and the current data are described in terms of area and as a percent of the literature values [ ]. Absolute and percent
differences in muscle areas between male and female subjects are also shown.

Left Internal Obliques - Physiological Cross-Sectional Area

Level || OSU | McGill | Difference® | Difference® | OSU Chaffin | Difference® | Difference® | Female
Male etal., [% Diff.] [% Diff.] || Female etal, [% Diff.] [% Diff.] Vs
mean® | (1993) mean® | (1990) Male®©
(s.d.) | mean*E (s.d) mean® [%Diff.]
(s.d.) (s.d)
T8
T9
T10
T11
T12
L1
L2 356 1027 -671 -473 297 430 -133 -81 -59
177 | (342) [-65] [-46] (170) | (@50 [-31] [-19] [-17]
L3 751 1154 -403 -256 401 580 -179 -73
(305) [-35] [-22] (192) (150) [-31] [-13]
L4 1046 900 146 -68 612 520 92 32
279) | @15) [16] [-8] 130) | (150) [17] [6]
L5 618 492
(167) (177) [-20]
Si

A: Square mm;

B: Female minus Male (Square mm);
C: Shaded cells represent significant difference between females and males (p<0.05);
D: Comparisons based on data adjusted one-half of spine level.
E: Cross-sectional area at L.3/L.4 (shown as L3 in the table) corrected for muscle fiber direction.
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Table 1.12. Mean (s.d.) trunk muscle physiological cross-sectional area of the Right Psoas Major. Data collected
(OSU) are compared with literature values for males and females. Differences between literature values and the

current data are described in terms of area and as a percent of the literature values [ ]. Absolute and percent
differences in muscle areas between male and female subjects are also shown.

Right Psoas Major - Physiological Cross-Sectional Area

Level OSU | McGill | Difference® | Difference® | OSU Chaffin | Difference® | Difference® | Female
Male etal., [% Diff.] [% Diff.] Female et al., [% Diff.] [% Diff.] \'H]
mean® | (1993) mean® | (1990) Male®<
(s.d.) | mean* (s.d) mean® [%6Diff.]
(s.d) (s.d.)
T8
T9
T10
T11
T12 330
(210)
L1 255 513 217
() (329) (126)
L2 676 1177 -501 -199 328 580 -252 -96
(234) (285) [-43] [-17] (83) (150) [-43] [-17]
L3 1279 1594 -315 -75 640 830 -190 -52
(302) (369) [-20] [-5] (172) (190) [-23] [-6]
L4 1758 1861 -103 -80 916 980 -64 -39
(348) | (347) [-6] [-4] (157) (200) [-7] [-4]
L5 1804 1606 198 79 965
(361) (198) [12] [5] 171
S1 1566 887
(270) (157)

A: Square mm;
B: Female minus Male (Square mmy);
C: Shaded cells represent significant difference between females and males (p<0.05);
D: Comparisons based on data adjusted one-half of spine level.
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Table 1.13. Mean (s.d.) trunk muscle physiological cross-sectional area of the Left Psoas Major. Data collected
(OSU) are compared with literature values for males and females. Differences between literature values and the

current data are described in terms of area and as a percent of the literature values [ ]. Absolute and percent
differences in muscle areas between male and female subjects are also shown.

Left Psoas Major - Physiological Cross-Sectional Area

Level OSU | McGill | Difference* | Difference® | OSU Chaffin | Difference® | Difference® | Female
Male etal, [% Diff.] [% Diff.] Female etal,, [%% Diff.] [% Diff.] Vs
mean® | (1993) mean® | (1990) Male®¢
(s.d) | mean* (s.d.) mean® [“Diff.]
(s.d.) (s.d)

T8

T9

T10

T11

T12 462

(190)

L1 309 488 -179 51 222
(133) | (250) [-37] [10] 42)

L2 768 1211 -443 -165 354 590 -236 -84
(242) (298) [-37] [-14] (83) (170) [-40] [-14]

L3 1324 1593 -269 -21 657 830 -173 -20
253) | (291) [-17] [-1] (163) | (190) [-21] [-2]

L4 1819 1820 -1 12 962 980 -18 21
(291) | @272) [0] [1] (168) (220) [-2] [2]

L5 1845 1590 255 134 1039
268) | (244) [16] 8] (173)

S1 1602 895
275) (176)

A: Square mm;
B: Female minus Male (Square mm);
C: Shaded cells represent significant difference between females and males (p<0.05);
D: Comparisons based on data adjusted one-half of spine level.
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Table 1.14. Mean (s.d.) trunk muscle physiological cross-sectional area of the Right Quadratus Lumborum. Data
collected (OSU) are compared with literature values for males and females. Differences between literature values
and the current data are described in terms of area and as a percent of the literature values [ ]. Absolute and percent
differences in muscle areas between male and female subjects are also shown.

Right Quadratus Lumborum - Physiological Cross-Sectional Area

Level | OSU | McGill | Difference® | Difference® | OSU Chaffin | Difference® | Difference® | Female
Male etal, [% Diff.] [% Diff.] || Female etal., [%6 Diff.] [% Diff.] Vs
mean® | (1993) mean® | (1990) Male®©
(s.d.) | mean®® (s.d.) mean® [%Diff.]
(s.d.) (s.d.)
T8
T9
T10
T11
Ti2 320
(197)
L1 270 358 -88 -64 182
() [-25] [-18] (57)
L2 319 507 -188 -50 196 300 -104 -85
(138) [-37] [-10] (48) (70) [-35] [-28]
L3 595 582 13 50 234 410 -176 -116
(211) [2] [9] (52) (120) [-43] [-28]
L4 669 328 -341 353 460 -107
(189) [103] 4) | @00 [-23]
L5
S1

A: Square mm;

B: Female minus Male (Square mm);

C: Shaded cells represent significant difference between females and males (p<0.05);

D: Comparisons based on data adjusted one-half of spine level.

E: Cross-sectional area between L1/L2 and L4/L5 (shown as L1 through L4 in the table) are corrected for
muscle fiber direction.
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Table 1.15. Mean (s.d.) trunk muscle physiological cross-sectional area of the Left Quadratus Lumborum. Data
collected (OSU) are compared with literature values for males and females. Differences between literature values
and the current data are described in terms of area and as a percent of the literature values [ ]. Absolute and percent
differences in muscle areas between male and female subjects are also shown.

Left Quadratus Lumborum - Physiological Cross-Sectional Area

Level | OSU | McGill et | Difference* | Difference® || OSU | Chaffin | Difference® | Difference® | Female
Male al., [% Diff.] [% Diff.] Female | etal, [% Diff.] [% Diff.] \&
mean® | (1993) mean® | (1990) Male®€
(s.d) | mean*® (s.d) | mean® [%6Diff.]
(s.d) (s.d)
T8
T9
T10
T1i1
T12 326
(5)
L1 281 358 =77 -66 183
(128) [-22] [-18] 45)
L2 303 507 =204 -45 196 330 -134 -98
(121) [-40] [-91 44) (160) [-41] [-30}
L3 622 582 40 76 268 450 -182 -103
(222) [7] [13] (72) (140) [-40] [-23]
L4 693 328 365 425 450 =25
(198) [111] 7s5) | (130 [-6]
LS
S1

A: Square mm;

B: Female minus Male (Square mm);

C: Shaded cells represent significant difference between females and males (p<0.05);

D: Comparisons based on data adjusted one-half of spine level.

E: Cross-sectional area between L.1/L.2 and L4/L5 (shown as L1 through L4 in the table) are corrected for
muscle fiber direction.
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Table 1.16. Vertebral body mean (s.d.) cross-sectional area. Data collected (OSU) are compared with literature
values for males and females. Differences between literature values and the current data are described in terms of
area and as a percent of the literature values [ ]. Absolute and percent differences in muscle areas between male and
female subjects are also shown.

Vertebral Body - Cross-Sectional Area

Level | OSUMale [ McGill et Difference* OoSuU Chaffinet | Difference® Female
mean® al.,, (1993) [% Diff ] Female | al., (1990) [% Diff] vs Male®
(s.d.) mean® mean® mean® [% Diff.]
(s.d) (s.d.) (s.d)
T8 983 798 185 728 -255
(181) ©1) [23] (107) [-26]
T9 1041 933 108 780 -261
(205) (112) [12] (90) [-25]
T10 1087 1015 72 843 -244
(166) (125) [7] (82) [-22]
T11 1225 1133 92 893 -332
177 (124) 8] ©7) [-27]
T12 1287 1241 46 937 -350
(189) (166) [4] (115) [-27]
L1 1249 1334 -85 949 -300
(207) (285) [-6] (95) [-24]
L2 1311 1332 21 1011 1420 -409 -300
(240) (294) [-2] (115) (240) [-29] [-23]
L3 1413 1415 -2 1089 1520 -431 -324
(197) (249) 0] (114) (230) [-28] [-23]
L4 1478 1459 19 1125 1530 -405 -353
(244) (270) [1] (124) (220) [-26] [-24]
L5 1466 1360 106 1180 -286
(222) (276) 8] (219) [-20]
Si 1742 1275 -468
(261) (253) [-27]

A: Square mm;
B: Female minus Male (Square mm).
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Table 1.17. Trunk mass mean (s.d.) cross-sectional area. Data collected (OSU) are compared with literature values
for males and females. Differences between literature values and the current data are described in terms of area and
as a percent of the literature values [ ]. Absolute and percent differences in muscle areas between male and female

subjects are also shown.

Trunk - Cross-Sectional Area

Level | OSU Male | McGill et Difference?* OosuU Chaffinet | Difference® Female
mean® al., (1993) [% Diff.] Female | al., (1990) [% Diff.] vs Male®
(s.d) mean® mean® mean® [% Diff.]
(s.d) (s.d) (s.d)
T8 73338 65794 7544 48230 -25108
(11078) (5254) [1] (6569) [-34]
T9 68831 61732 7099 46605 -22226
(9016) (6960) [11] (6328) [-32]
T10 64559 61051 3508 44405 -20154
(8261) (7570) [6] (6122) [-31]
T11 61648 59249 2399 43092 -18556
(8553) (7272) [4] (5991) [-30]
T12 59441 63287 -3846 42551 -16890
(8461) (9153) [-6] (6003) [-28]
L1 57478 59091 -1613 41598 -15880
(7934) (6899) [-3] (6156) [-28]
12 54435 55834 -1399 39913 44300 -4387 -14522
(8114) (8112) [-3] 6135) | (12200 [-10] [-27]
L3 52543 54286 -1743 37756 50900 -13146 -14789
(8769) (8702) [-3] (5791) | (16800) [-26] [-28]
L4 51432 51813 -382 38882 57600 -18718 -12550
(10184) (9845) [-1] (7169) | (15900) [-33] [-24]
L5 52481 52912 -431 47166 -5315
(8823) (9123) [-1] (7766) [-10]
S1 56547 53320 -3277
(7701) (7958) [-6]

A: Square mm;

B: Female minus Male (Square mm).
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Table 1.18. Right Latissimus Dorsi mean (s.d.) lateral moment-arm distance from the center of the vertebral body
to the area centroid of the muscle cross-sectional area. Negative values represent right lateral and positive represent
left lateral. Data collected (OSU) are compared with literature values for males and females. Differences between
literature values and the current data are described in terms of the magnitude (mm) and as a percent of the literature
values [ ]. Magnitude and percent difference in lateral moment-arms between male and female subjects are also

shown.

Right Latissimus Dorsi - Corrected Lateral Moment Arms

Level | OSUMale | McGillet | Difference* OsuU Chaffin et | Difference* Female
mean® al., (1993) [% Diff.] Female | al., (1990) [% Diff.] Vs
(s.d.) mean® mean® mean® MaleB€
(s.d) (s.d) (s.d) [% Diff.]
T8 -153 -145 8 -132
(10) Q) [4] (10)
T9 -145 -141 4 -124
) (3 [3] &)
T10 -135 -140 -5 -114
(10) &) [-4] 9
T11 -128 -129 -1 -109
® ® [-1] &)
T12 -122 -129 -7 -104
(® (10) [-5] ®
L1 -116 -122 -6 -99
(6) (12) [-5] 9
L2 -109 -108 1 -93 -100 -7
() (8) [1] (10) (11) [-7]
L3 -103 -102 1 -90 -106 -16
® ®) (1] an (16) [-15]
L4 -110 -119
@) an
LS
Sl

A = millimeters (mm)

B = Female minus Male (mm)
C = Shaded cells represent significant difference between females and males (p<0.05).

47




Proprietary data of The Biodynamics Laboratory at The Ohio State University

Table 1.19. Left Latissimus Dorsi mean (s.d.) lateral moment-arm distance from the center of the vertebral body to

the area centroid of the muscle cross-sectional area. Negative values represent right lateral and positive represent

left lateral. Data collected (OSU) are compared with literature values for males and females. Differences between
literature values and the current data are described in terms of the magnitude (mm) and as a percent of the literature

values [ ]. Magnitude and percent difference in lateral moment-arms between male and female subjects are also
shown.

Left Latissimus Dorsi - Corrected Lateral Moment Arms

Level || OSUMale | McGillet | Difference* OSuU Chaffinet | Difference® Female
mean” al., (1993) [% Diff.] Female al., (1990) [% Diff.] ]
(s.d) mean® mean® mean® Male®€
(s.d) (s.d) (s.d) [% Diff.]
T8 150 143 7 131 P
) 6 [5] ®
T9 140 139 1 122
(¥ ® 1] ®
T10 132 137 -5 114
9 ® [-4] (10)
T11 126 129 -3 108
®) (19 [-2] (10)
TI12 121 128 -7 104
&2 ) [-5] ®
L1 116 117 1 101
®) (11) [-1] ®
L2 110 107 3 94 99 -5
) ® (3] an (12) [-5]
L3 105 104 1 92 107 -15
®) (15) (1] (1) (14) [-14]
L4 108 118
) as)
LS
S1

A = millimeters (mm)

B = Female minus Male (mm)
C = Shaded cells represent significant difference between females and males (p<0.05).
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Table 1.20. Right Erector Spinae mean (s.d.) lateral moment-arm distance from the center of the vertebral body to
the area centroid of the muscle cross-sectional area. Negative values represent right lateral and positive represent
left lateral. Data collected (OSU) are compared with literature values for males and females. Differences between
literature values and the current data are described in terms of the magnitude (mm) and as a percent of the literature
values [ ]. Magnitude and percent difference in lateral moment-arms between male and female subjects are also

shown.
Right Erector Spinae - Corrected Lateral Moment Arms
Level | OSUMale | McGillet | Difference® osu Chaffinet | Difference® || Female
mean* al., (1993) [% Diff.] Female al., (1990) [% Diff.] Vs
(s.d.) mean® mean® mean® Male®€
(s.d) (s.d) (s.d) [% Diff.]
T8 -31 -31 0 -26
@ ) [0] &)
T9 -32 -32 0 -28
&) @ [0] A3)
T10 -34 -34 0 -29
(3) “ [0] (€))
T11 -36 -34 2 -31
©)) @ (6] €))
T12 -36 -42 -6 -32
(3) 3 [-14] (€]
L1 -40 -44 -4 -34
@ ®) 91 3)
L2 -41 -42 -1 -35 -34 1
3) “ [-2] €] “4 E)
L3 -38 -40 -2 -34 -34 0
3) “ [-5] 3 4 (0]
L4 -36 -34 2 -34 -35 -1
A3) ) (6] 3) &) (3] [-6]
L5 -30 -22 8 -26 -4
) ©® [36] ©) [-13]
S1 -19 -19 -0
3) (3) [-0]

A = millimeters (mm)
B = Female minus Male (mm)
C = Shaded cells represent significant difference between females and males (p<0.05).
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Table 1.21. Left Erector Spinae mean (s.d.) lateral moment-arm distance from the center of the vertebral body to
the area centroid of the muscle cross-sectional area. Negative values represent right lateral and positive represent
left lateral. Data collected (OSU) are compared with literature values for males and females. Differences between
literature values and the current data are described in terms of the magnitude (mm) and as a percent of the literature
values [ ]. Magnitude and percent difference in lateral moment-arms between male and female subjects are also

shown.
Left Erector Spinae - Corrected Lateral Moment Arms
Level | OSUMale | McGillet | Difference® 0osu Chaffinet | Difference* Female
mean® al., (1993) [% Diff.] Female al., (1990) [% Diff.] Vs
(s.d.) mean” mean® mean® Male®€
(s.d) (s.d.) (s.d) % Diff]
T8 33 33 0 27 :
G (6) [0] @
T9 34 35 -1 28
@ Q) [-3] 3
T10 36 36 0 31
3 3) [0] 2)
TH1 38 40 -2 32
(3) 3) [-5] (3)
TI12 38 40 -2 34
(3) @ [-5] )
L1 42 41 1 35
(3) ) [2] (3)
L2 43 41 2 35 33 2
4) (6) [5] (3) @ [6]
L3 40 38 2 35 34 1
2) (5) [5] 3) @ [3]
L4 38 33 5 35 35 0
(3) (6) [15] 3) ) [0]
LS 32 21 11 27
(5) (%) [52] 3
S1 22 19
(2) 03}

A = millimeters (mm)

B = Female minus Male (mm)
C = Shaded cells represent significant difference between females and males (p<0.05).
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Table 1.22. Right Rectus Abdominis mean (s.d.) lateral moment-arm distance from the center of the vertebral body
to the area centroid of the muscle cross-sectional area. Negative values represent right lateral and positive represent
left lateral. Data collected (OSU) are compared with literature values for males and females. Differences between
literature values and the current data are described in terms of the magnitude (mm) and as a percent of the literature
values [ . Magnitude and percent difference in lateral moment-arms between male and female subjects are also
shown.

Right Rectus Abdominis - Corrected Lateral Moment Arms

Level | OSUMale | McGillet | Difference® OosuU Chaffinet | Difference* Female
mean® al., (1993) [% Diff.] Female al., (1990) [% Diff.] \
(s.d.) mean® mean® mean® MaleB€
(s.d.) (s.d.) (s.d) [% Diff.]
T8
T9
T10
T11
T12 -39 -29
(6) ®
L1 -46 -37 9 -34
¢9)) (3 [24] &)
L2 -49 -46 3 -36 -44 -8
(11 (8) [7] 6] (12) [-18]
L3 -47 -43 4 -39 -43 -4
) ) [9] (3 (11) [-9]
L4 -46 -38 8 -40 -42 -2
(5) ) [21] (3) (11D [-5]
L5 -41 -32 9 -38
(5) () [28] &)
S1 -38 -33
(5) Q)

A = millimeters (mm)
B = Female minus Male (mm)
C = Shaded cells represent significant difference between females and males (p<0.05).
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Table 1.23. Left Rectus Abdominis mean (s.d.) lateral moment-arm distance from the center of the vertebral body
to the area centroid of the muscle cross-sectional area. Negative values represent right lateral and positive represent
left lateral. Data collected (OSU) are compared with literature values for males and females. Differences between
literature values and the current data are described in terms of the magnitude (mm) and as a percent of the literature
values [ ]. Magnitude and percent difference in lateral moment-arms between male and female subjects are also
shown.

Left Rectus Abdominis - Corrected Lateral Moment Arms

Level | OSU Male | McGill et Difference* OSU Chaffin et Difference® Female
mean?® al,, (1993) [% Diff.] Female | al, (1990) [% Diff.] vs
(s.d.) mean® mean® mean® Male®C
(s.d.) (s.d) (s.d) [% Diff.]
T8
T9
T10
T11
Ti2 35 35 0
(7 ©) [0]
L1 41 35 6 37 4
® an [17] ) [-10]
L2 39 43 -4 34 42 -8 -5
()] ) [-9] ) (10) [-19] [-13]
L3 40 38 2 33 43 -10 -7
™ (8) [5] ® (12) [-23] [-18]
L4 36 36 0 35 41 -6 -1
® Q)] [0] (8) (an [-15] [-3]
L5 33 33 0 32 -1
(3) (5) [0] (3 [-3]
Si 29 33 4
(5) (6) [14]

A = millimeters (mm)
B = Female minus Male (mm)
C = Shaded cells represent significant difference between females and males (p<0.05).
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Table 1.24. Right External Obliques mean (s.d.) lateral moment-arm distance from the center of the vertebral body
to the area centroid of the muscle cross-sectional area. Negative values represent right lateral and positive represent
left lateral. Data collected (OSU) are compared with literature values for males and females. Differences between

literature values and the current data are described in terms of the magnitude (mm) and as a percent of the literature

values [ ]. Magnitude and percent difference in lateral moment-arms between male and female subjects are also

shown.
Right External Obliques - Corrected Lateral Moment Arms
Level | OSUMale | McGillet | Difference® OosSuU Chaffinet | Difference* | Female
mean® al., (1993) [% Diff.] Female al., (1990) [%6 Diff.] Vs
(s.d.) mean® mean* mean? Male®€
(s.d) (s.d) (s.d) [% Diff.]
T8
T9
T10
T11
T12 129 -108
(10) ®
L1 -130 -109
12) (10)
L2 -132 -140 -8 -109 -117 -8
(10 &) [-6] ® (15) [-7]
L3 -128 -130 -2 -108 -120 -12
) (10) [-2] ) (16) [-10]
L4 -128 -125 3 -112 -121 -9
) (13) (2] (3 (14) 71
L5 -126 -116
() 3)
S1 -106
(-)

A = millimeters (mm)

B = Female minus Male (inm)
C = Shaded cells represent significant difference between females and males (p<0.05).
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Table 1.25. Left External Obliques mean (s.d.) lateral moment-arm distance from the center of the vertebral body to

the area centroid of the muscle cross-sectional area. Negative values represent right lateral and positive represent

left lateral. Data collected (OSU) are compared with literature values for males and females. Differences between
literature values and the current data are described in terms of the magnitude (mm) and as a percent of the literature

values [ ]. Magnitude and percent difference in lateral moment-arms between male and female subjects are also

shown.
Left External Obliques - Corrected Lateral Moment Arms
Level | OSUMale | McGillet | Difference® OSUFe | Chaffinet | Difference® Female
mean® al., (1993) [% Diff.] male al., (1990) [% Diff.] Vs
(s.d.) mean® ' mean® mean” MaleB€
(s.d.) (s.d) (s.d) [% Diff.]
T8
T9
T10
T11
Ti2 124 112
® (10)
L1 126 110
&) ®
L2 124 133 -9 108 117 -9
(1 0] 7] (10) (14) [-8]
L3 124 125 -1 106 122 -16
(10) © [-1] © (16) [-13]
L4 122 120 2 108 123 -15
® ® 2] ® (20) [-12]
L5 125 113
an an
S1 107
(-)

A = millimeters (mm)

B = Female minus Male (mm)
C = Shaded cells represent significant difference between females and males (p<0.05).
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Table 1.26. Right Internal Obliques mean (s.d.) lateral moment-arm distance from the center of the vertebral body
to the area centroid of the muscle cross-sectional area. Negative values represent right lateral and positive represent
left lateral. Data collected (OSU) are compared with literature values for males and females. Differences between
literature values and the current data are described in terms of the magnitude (mm) and as a percent of the literature

values [ ]. Magnitude and percent difference in lateral moment-arms between male and female subjects are also

shown.
Right Internal Obliques - Corrected Lateral Moment Arms
Level | OSUMale | McGillet | Difference® OSuU Chaffin et | Difference* Female
mean® al., (1993) [% Diff.] Female al., (1990) [% Diff.] Vs
(s.d.) mean® mean® mean® MaleB€
(s.d.) (s.d.) (s.d) [% Diff.]
T8
T9
T10
T11
T12
L1 -83
(-)
L2 -114 -123 -9 -99 -109 -10
(16) ®) [-2] (14) as) [-9]
L3 -115 -116 -1 -97 -113 -16
® ®) [-1] (mn (16) [-14]
L4 -114 -109 5 -101 -115 -14
) amn (5] (®) (20) [-12]
L5 -109 -104
3) (3
S1 -92
(-)

A = millimeters (mm)

B = Female minus Male (mm)
C = Shaded cells represent significant difference between females and males (p<0.05).
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Table 1.27. Left Internal Obliques mean (s.d.) lateral moment-arm distance from the center of the vertebral body to
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the area centroid of the muscle cross-sectional area. Negative values represent right lateral and positive represent
left lateral. Data collected (OSU) are compared with literature values for males and females. Differences between

literature values and the current data are described in terms of the magnitude (mm) and as a percent of the literature

values [ ]. Magnitude and percent difference in lateral moment-arms between male and female subjects are also
shown.

Left Internal Obliques - Corrected Lateral Moment Arms

Level

OSU Male | McGillet | Difference* Oosu Chaffin et | Difference* Female
mean® al., (1993) [% Diff.] Female | al., (1990) [%6 Diff.] '
(s.d.) mean® mean® mean® Male®<
(s.d) (s.d) (s.d) [% Diff.]
T8
T9
T10
TI1
Ti12
L1 93
(-)
L2 107 121 -14 102 109 -7
(13) (11) [-12] (15) (15) [-6]
L3 111 112 -1 94 114 -20
(14) (3 [-1] (14) (16) [-18]
L4 107 103 4 98 114 -16
(®) ® [4] (3 (20) [-14]
L5 106 103
) (10)
S1 94
(-)

A = millimeters (mm)
B = Female minus Male (mm)
C = Shaded cells represent significant difference between females and males (p<0.05).
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Table 1.28. Right Psoas Major mean (s.d.) lateral moment-arm distance from the center of the vertebral body to the
area centroid of the muscle cross-sectional area. Negative values represent right lateral and positive represent left
lateral. Data collected (OSU) are compared with literature values for males and females. Differences between
literature values and the current data are described in terms of the magnitude (mm) and as a percent of the literature
values [ ]. Magnitude and percent difference in lateral moment-arms between male and female subjects are also
shown.

Right Psoas Major - Corrected Lateral Moment Arms

Level | OSUMale | McGillet | Difference® OSuU Chaffinet | Difference* Female
mean® al., (1993) [% Diff.] Female | al, (1990) [% Diff.] \&
(s.d.) mean® mean® mean® Male®€
(s.d) (s.d) (s.d) [% Diff.]
T8
T9
T10
Ti1
T12 -32
A3)
L1 -26 -32 -6 -23
-) 3) [-19] @)
L2 -33 -39 -6 -27 -33 -6
3 ) [-15] @) (G) [-18]
L3 -39 -44 -5 -33 -37 -4
3 3) [-11] @) @ [-11]
L4 -47 -50 -3 -40 -44 -4
3) A3) [-6] 3) “ [-9]
L5 -53 -54 -1 -47
3) @ [-2] &)
S1 -56 -50
@ )

A = millimeters (mm)
B = Female minus Male (mm)
C = Shaded cells represent significant difference between females and males (p<0.05).
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Table 1.29. Left Psoas Major mean (s.d.) lateral moment-arm distance from the center of the vertebral body to the

area centroid of the muscle cross-sectional area. Negative values represent right lateral and positive represent left

lateral. Data collected (OSU) are compared with literature values for males and females. Differences between
literature values and the current data are described in terms of the magnitude (mm) and as a percent of the literature
values [ ]. Magnitude and percent difference in lateral moment-arms between male and female subjects are als

shown. :
Left Psoas Major - Corrected Lateral Moment Arms
Level | OSUMale | McGillet | Difference® osu Chaffin et | Difference* Female
mean® al., (1993) [% Diff.] Female al., (1990) [% Diff.] ']
(s.d.) mean® mean® mean® MaleB€
(s.d) (s.d) (s.d) [% Diff.]
T8
T9
T10
T11
T12 32
@
L1 28 31 -3 23
@ ©) [-10] &)
L2 33 38 -5 27 32 -5
3) 3 [-13] ) @ [-16]
L3 39 42 -3 32 38 -5
3) 3) [-7] @ G) (-13]
L4 44 48 -4 38 43 -5
G “) [-8] 3 (@) [-12]
L5 50 54 -4 45
&) &) [-7] &)
S1 54 51
(5) 3)

A = millimeters (mm)

B = Female minus Male (mm)
C = Shaded cells represent significant difference between females and males (p<0.05).
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Table 1.30. Right Quadratus Lumborum mean (s.d.) lateral moment-arm distance from the center of the vertebral
body to the area centroid of the muscle cross-sectional area. Negative values represent right lateral and positive
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represent left lateral. Data collected (OSU) are compared with literature values for males and females. Differences
between literature values and the current data are described in terms of the magnitude (mm) and as a percent of the

literature values [ ]. Magnitude and percent difference in lateral moment-arms between male and female subjects

are also shown.

Right Quadratus Lumborum - Corrected Lateral Moment Arms

Level | OSUMale | McGillet | Difference® OSuU Chaffin et | Difference* Female
mean® al., (1993) [% Diff.] Female al., (1990) [% Diff.] Vs
(s.d) mean” mean® mean® Male®€
.4, (s.d) (s.d) [% Diff]
T8
T9
T10
T11
T12 -46
an
L1 -38 -46 -8 -38
(-) 6 [-17] (6)
L2 -50 -63 -13 41 -56 -15
(6) ) [-21] (G)) 3 [-27]
L3 -64 -75 -11 -55 -65 -10
6 ©® [-15] 0] (M [-15]
L4 -75 -81 -6 -68 -74 -6
) (5) [-7] &) ) [-8]
L5 -74
(-)
S1

A = millimeters (mm)

B = Female minus Male (mm)
C = Shaded cells represent significant difference between females and males (p<0.05).
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Table 1.31. Left Quadratus Lumborum mean (s.d.) lateral moment-arm distance from the center of the vertebral
body to the area centroid of the muscle cross-sectional area. Negative values represent right lateral and positive
represent left lateral. Data collected (OSU) are compared with literature values for males and females. Differences
between literature values and the current data are described in terms of the magnitude (mm) and as a percent of the
literature values [ ]. Magnitude and percent difference in lateral moment-arms between male and female subjects
are also shown.

Left Quadratus Lumborum - Corrected Lateral Moment Arms

Level | OSUMale | McGillet | Difference® OoSuU Chaffin et | Difference® Female
mean® al., (1993) [% Diff.] Female al., (1990) [% Diff.] Vs
(s.d.) mean® mean® mean® Male®€
s.d) s.d) (s.d) [% Diff]

T8

T9

T10

T11

T12 47

&)

L1 44 50 -6 37
) (6) [-12] 3)

L2 47 64 -17 42 55 -13
(10) (%) [-27] 3) ) [-24]

L3 65 73 -8 57 65 -8
O &) [-11] ) ) [-12]

L4 73 78 -5 68 75 -7
6) (12) [-6] ) (10) [-9]

L5 79

(-)
S1

A = millimeters (mm)
B = Female minus Male (mm)
C = Shaded cells represent significant difference between females and males (p<0.05).
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Table 1.32. Right Latissimus Dorsi mean (s.d.) anterior-posterior moment-arm distance from the center of the
vertebral body to the area centroid of the muscle cross-sectional area. Negative values represent right lateral and
positive represent left lateral. Data collected (OSU) are compared with literature values for males and females.
Differences between literature values and the current data are described in terms of the magnitude (mm) and as a
percent of the literature values [ ]. Magnitude and percent difference in lateral moment-arms between male and
female subjects are also shown.

Right Latissimus Dorsi - Corrected Anterior-Posterior Moment Arms

Level | OSUMale | McGillet | Difference® OSU Chaffinet | Difference® Female
mean® al., (1993) [% Diff.] Female al., (1990) [% Diff.] Vs
(s.d.) mean® mean® mean® MaleB€
(s.d) (s.d) (s.d.) [% Diff.]
TS 18 18 0 16 )
&) ® [0] (12) [-11]
T9 22 =22 0 -19 -3
(10) M [0] (11) [-14]
T10 24 =24 0 -23 -1
® O] [0] ® [-4]
Ti1 =27 -32 -5 -26 -1
(8) ) [-16] ® [-4]
T12 -29 -39 -10 29 0
O] 3 [-26] (8 [0]
L1 -38 -47 -9 -32 -6
© (10) [-19] (10) [-16]
12 -41 -47 -6 -34 -36 -2 -7
(7 (12) [-13] (11) )] [-6]
L3 -42 -45 -3 -31 -30 1
® (16) [-7] (12) (10) [3]
L4 -40 -17
(13) 1)
L5
S1

A = millimeters (mm)

B = Female minus Male (mm)
C = Shaded cells represent significant difference between females and males (p<0.05).
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Table 1.33. Left Latissimus Dorsi mean (s.d.) anterior-posterior moment-arm distance from the center of the
vertebral body to the area centroid of the muscle cross-sectional area. Negative values represent right lateral and
positive represent left lateral. Data collected (OSU) are compared with literature values for males and females.
Differences between literature values and the current data are described in terms of the magnitude (mm) and as a
percent of the literature values [ ]. Magnitude and percent difference in lateral moment-arms between male and
female subjects are also shown.

Left Latissimus Dorsi - Corrected Anterior-Posterior Moment Arms

Level | OSUMale | McGillet | Difference® 0osuU Chaffin et | Difference® | Female
mean® al., (1993) [% Diff.] Female al., (1990) [% Diff.] Vs
(s.d) mean® mean® mean® Male®€
(s.d.) (s.d.) (s.d.) [% Diff]]
T8 -7 -17 -10 -7 0
(11) (N [-59] (10) [0]
T9 -9 -19 -10 -11 2
(11) 0 [-53] ) [22]
T10 -13 =23 -10 -16 3
(11) M [-43] &) [23]
T11 -16 -28 -12 -20 4
(10) &) [-43] 3 [25]
T12 -22 -37 -15 -26 4
(10) ) [-41] &) [18]
L1 -30 -46 -16 -31 1
(12) () [-35] (10) (3]
L2 -40 -46 -6 -39 -34 5 -1
(11) (10 [-13] (11) (1) [15] [-3]
L3 -39 -43 -4 -40 -30 10 1
(11 a7 [-9] (12) (10) [33] (3]
L4 -37 -14
an (13)
L5
S1

A = millimeters (mm)
B = Female minus Male (mm)
C = Shaded cells represent significant difference between females and males (p<0.05).
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Table 1.34. Right Erector Spinae mean (s.d.) anterior-posterior moment-arm distance from the center of the
vertebral body to the area centroid of the muscle cross-sectional area. Negative values represent right lateral and
positive represent left lateral. Data collected (OSU) are compared with literature values for males and females.
Differences between literature values and the current data are described in terms of the magnitude (mm) and as a
percent of the literature values [ ]. Magnitude and percent difference in lateral moment-arms between male and
female subjects are also shown.

Right Erector Spinae - Corrected Anterior-Posterior Moment Arms

Level | OSUMale | McGillet | Difference® 0osu Chaffin et | Difference® Female
mean? al., (1993) [% Diff.] Female al., (1990) [% Diff.] Vs
(s.d) mean”* mean® mean® Male®€
(s.d.) (s.d.) (s.d.) % Diff ]
T8 52 52 0 44 .
@ 3) [0] (3)
T9 -53 -52 1 -45
) @ [2] @
T10 -52 -54 -2 -44
@ @ [-4] Q)
T11 -51 -54 -3 -44
4 4) [-6] &)
T12 -50 -56 6 -44
@ () [-11] )
L1 -52 -59 -7 -47
(%) (5) [-12] (5
2 54 61 7 48 54 6
O (5) [-11] “) ) [-11]
L3 -57 -61 -4 -50 -52 -2
(M &) [-7] (5) &) [-4]
L4 -56 -61 -5 -49 -52 -3
(6) (5) [-8] @ (3) [-6]
L5 61 ~64 3 254
0 (6) [-5] )
S1 -62 -54
(7 ®)

A = millimeters (mm)
B = Female minus Male (mm)
C = Shaded cells represent significant difference between females and males (p<0.05).
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Table 1.35. Left Erector Spinae mean (s.d.) anterior-posterior moment-arm distance from the center of the vertebral
body to the area centroid of the muscle cross-sectional area. Negative values represent right lateral and positive
represent left lateral. Data collected (OSU) are compared with literature values for males and females. Differences
between literature values and the current data are described in terms of the magnitude (mm) and as a percent of the
literature values [ ]. Magnitude and percent difference in lateral moment-arms between male and female subjects
are also shown.

Left Erector Spinae - Corrected Anterior-Posterior Moment Arms

Level | OSUMale | McGillet | Difference® OSU Chaffinet | Difference* Female
mean”® al., (1993) [% Diff.] . Female al., (1990) [% Diff.] Vs
(s.d.) mean” mean® mean® MaleBC
(s.d) (s.d.) (s.d) [% Diff.]
T8 49 51 2 2 TR
) 3) [-4] (3)
T9 ~49 =51 2 3
(6) @ [-4] (3)
T10 48 ) 2 42
) @ [-8] 3)
T11 47 ) 3 42
(5) &) [-10] 4
T12 -48 -57 9 3
&) (%) [-16] &)
L1 -50 -60 -10 -47
6) 4) [-17] (%)
L2 -54 -62 -8 =51 -54 -3
(6) ) [-13] (6) @ [-6]
L3 -56 -61 -5 -53 -53 0
(6) (%) [-8] (6) 2) [0]
L4 57 -61 4 .53 -54 N
(5) (%) [-7] () &) [-2]
L5 61 -63 2 257
(™ (5) [-3] (6)
S1 -63 -56
(3 )

A = millimeters (mm)
B = Female minus Male (mm)
C = Shaded cells represent significant difference between females and males (p<0.05).
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Table 1.36. Right Rectus Abdominis mean (s.d.) anterior-posterior moment-arm distance from the center of the
vertebral body to the area centroid of the muscle cross-sectional area. Negative values represent right laterat and
positive represent left lateral. Data collected (OSU) are compared with literature values for males and females.
Differences between literature values and the current data are described in terms of the magnitude (mm) and as a
percent of the literature values [ ]. Magnitude and percent difference in lateral moment-arms between male and
female subjects are also shown.

Right Rectus Abdominis - Corrected Anterior-Posterior Moment Arms

Level | OSUMale | McGillet | Difference® OSuU Chaffin et Difference* Female
mean* al., (1993) [% Diff.] Female al., (1990) [% Diff.] Vvs.
(s.d.) mean® mean® mean® MaleP€
(s.d.) (s.d.) (s.d) [% Diff.]
T8
T9
T10
T11
T12 135 104
17 ®
L1 124 109 15 96
(12) ® [14] (10)
L2 107 90 17 85 70 15
(12) (14) [19] ® @as) [21]
L3 89 79 10 70 70 0
(13) (13) [13] ® (19) [0]
L4 77 73 4 61 69 -8
(15) (14 [5] (&) (20) [-12]
L5 76 81 -5 65
(14) (16) [-6] (10)
S1 84 75
(12) 13)

A = millimeters (mm)

B = Female minus Male (mm)
C = Shaded cells represent significant difference between females and males (p<0.05).
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Table 1.37. Left Rectus Abdominis mean (s.d.) anterior-posterior moment-arm distance from the center of the
vertebral body to the area centroid of the muscle cross-sectional area. Negative values represent right lateral and
positive represent left lateral. Data collected (OSU) are compared with literature values for males and females.
Differences between literature values and the current data are described in terms of the magnitude (mm) and as a
percent of the literature values [ ]. Magnitude and percent difference in lateral moment-arms between male and
female subjects are also shown.

Left Rectus Abdominis - Corrected Anterior-Posterior Moment Arms

Level | OSUMale | McGillet | Difference® osu Chaffin et | Difference® Female
mean® al.,, (1993) [% Diff.] Female | al., (1990) [% Dift.] Vs.
(s.d.) mean”* mean® mean” Male®€
(s.d) (s.d.) (s.d) [% Diff]
T8
T9
T10
T11
T12 137 105
17 (10)
L1 127 112 15 97
a1 (6) [13] (11)
L2 108 92 16 85 72 13
(13) (14) [17] (1 (16) [18]
L3 92 80 12 69 72 -3
(13) (14) [15] (ap (19) [-4]
L4 78 73 5 60 70 -10
(14) (14) [7] ) (20) [-14]
L5 76 80 -4 61
(15) (15) [-5] (10)
S1 82 73
(12) (12)

A = millimeters (mm)
B = Female minus Male (mm)
C = Shaded cells represent significant difference between females and males (p<0.05).
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Table 1.38. Right External Obliques mean (s.d.) anterior-posterior moment-arm distance from the center of the
vertebral body to the area centroid of the muscle cross-sectional area. Negative values represent right lateral and
positive represent left lateral. Data collected (OSU) are compared with literature values for males and females.
Differences between literature values and the current data are described in terms of the magnitude (mm) and as a
percent of the literature values [ ]. Magnitude and percent difference in lateral moment-arms between male and
female subjects are also shown.

Right External Obliques - Corrected Anterior-Posterior Moment Arms

Level | OSUMale { McGillet | Difference® OSU Chaffinet | Difference® Female
mean* al., (1993) [% Diff.] Female al., (1990) [% Diff.] \]
(s.d.) mean? mean? mean® Male®€
(s.d.) (s.d) (s.d) [% Diff]]
T8
T9
T10
T11
Ti2 85 68
(12) ™
L1 67 56
(10) (12)
L2 46 28 18 40 22 18
(6) (12) [64] (11) (13) [82] [-13]
L3 22 20 2 24 23 1 2
(10) (14 [10] (12) (12) [4] [9]
L4 21 35 -14 22 30 -8 1
()] (10) [-40] (12) (13) [-27] [5]
L5 39 32 -7
(12) (20) [-18]
S1 66
(-)

A = millimeters (mm)
B = Female minus Male (mm)
C = Shaded cells represent significant difference between females and males (p<0.05).
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Table 1.39. Left External Obliques mean (s.d.) anterior-posterior moment-arm distance from the center of the
vertebral body to the area centroid of the muscle cross-sectional area. Negative values represent right lateral and
positive represent left lateral. Data collected (OSU) are compared with literature values for males and females.
Differences between literature values and the current data are described in terms of the magnitude (mm) and as a
percent of the literature values [ ]. Magnitude and percent difference in lateral moment-arms between male and
female subjects are also shown.

Left External Obliques - Corrected Anterior-Posterior Moment Arms

Level OSU Male | McGillet | Difference® OosSU Chaffin et Difference® Female
mean® al., (1993) [% Diff.] Female | al, (1990) [% Diff.] Vs
(s.d) mean® mean® mean® MaleB€
(s.d.) (s.d.) (s.d.) [% Diff.]
T8
T9
T10
Ti11
Ti12 92 66
(14) (12)
L1 74 57
(13) (13)
L2 50 28 22 37 20 17
(14) (11) [79] (12) (an [85]
L3 27 19 8 15 20 -5
(14) (11) [42] (13) an [-25]
L4 20 32 -12 12 30 -18
(11) (18) [-38] (13) (12) [-60]
L5 35 25
(12) ®
S1 46
(-)

A = millimeters (mm)

B = Female minus Male (mm)
C = Shaded cells represent significant difference between females and males (p<0.05).
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Table 1.40. Right Internal Obliques mean (s.d.) anterior-posterior moment-arm distance from the center of the
vertebral body to the area centroid of the muscle cross-sectional area. Negative values represent right lateral and
positive represent left lateral. Data collected (OSU) are compared with literature values for males and females.
Differences between literature values and the current data are described in terms of the magnitude (mm) and as a
percent of the literature values [ ]. Magnitude and percent difference in lateral moment-arms between male and
female subjects are also shown.

Right Internal Obliques - Corrected Anterior-Posterior Moment Arms

Level | OSUMale | McGillet | Difference® OSU Chaffinet | Difference® Female
mean® al., (1993) [% Diff.] Female | al., (1990) [% Diff.] Vs
(s.d) mean” mean® mean® MaleP€
(s.d) (s.d) (s.4) [% Diff]
T8
T9
T10
T11
T12
L1 93
(-)
L2 72 36 36 55 24 31
(17) (17) [100] (15) (14) [129]
L3 34 25 9 33 21 12
(13) ® [36] (12) (11) [57]
L4 25 41 -16 21 30 -9
(1) (12) [-39] an (15) [-30]
L5 45 36
(10) (15)
S1 63
(-)

A = millimeters (mm)

B = Female minus Male (mm)
C = Shaded cells represent significant difference between females and males (p<0.05).
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Table 1.41. Left Internal Obliques mean (s.d.) anterior-posterior moment-arm distance from the center of the

vertebral body to the area centroid of the muscle cross-sectional area. Negative values represent right lateral and

positive represent left lateral. Data collected (OSU) are compared with literature values for males and females.

Differences between literature values and the current data are described in terms of the magnitude (mm) and as a
percent of the literature values [ ]. Magnitude and percent difference in lateral moment-arms between male and

female subjects are also shown.

Left Internal Obliques - Corrected Anterior-Posterior Moment Arms

Level { OSUMale | McGillet | Difference* OsuU Chaffin et | Difference* Female
mean”* al., (1993) [% Diff.] Female al., (1990) [% Diff.] Vs
(s.d) mean* mean* mean* Male®€
(s.d.) (s.d.) (s.d.) [% Diff.]
T8
T9
T10
T11
Ti2
L1 78
(-)
L2 77 40 37 50 25 25
(16) (16) [93] (19) (16) [100]
L3 43 26 17 30 20 10
(15) 12) [65] 1s (10) [50]
L4 27 41 -14 16 28 -12
(10) a7n [-34] (10) (13) [-43]
LS 45 30
(13) (15)
S1 44
(-)

A = millimeters (mm)

B = Female minus Male (mm)
C = Shaded cells represent significant difference between females and males (p<0.05).
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Table 1.42. Right Psoas Major mean (s.d.) anterior-posterior moment-arm distance from the center of the vertebral
body to the area centroid of the muscle cross-sectional area. Negative values represent right lateral and positive
represent left lateral. Data collected (OSU) are compared with literature values for males and females. Differences
between literature values and the current data are described in terms of the magnitude (mm) and as a percent of the
literature values [ ]. Magnitude and percent difference in lateral moment-arms between male and female subjects
are also shown.

Right Psoas Major - Corrected Anterior-Posterior Moment Arms

Level | OSUMale | McGillet | Difference® Oosu Chaffinet | Difference* Female
mean® al., (1993) [% Diff.] Female al., (1990) [% Diff.] Vs
(s.d.) mean® mean® mean® Male®€
(s.d) (s.d) (s.d.) [% Diff.]
T8
T9
T10
T11
T12 -14
@)
L1 -5 -11 -6 -7
(-) (6) [-55] ®
L2 -7 -9 -2 -9 -11 -2
&) 5) [-22] 3) (3) [-18]
L3 -4 -7 -3 -8 -8 0
4) ) [-43] &) @ [0]
L4 -1 1 -2 -4 -2 2
3) ®)] [-200] 5) 5) [100] [300]
L5 8 18 -10 7 -1
(5) ® [-56] (7 [-13]
S1 24 23 -1
) (10) [-4]

A = millimeters (mm)
B = Female minus Male (mm)
C = Shaded cells represent significant difference between females and males (p<0.05).
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Table 1.43. Left Psoas Major mean (s.d.) anterior-posterior moment-arm distance from the center of the vertebral
body to the area centroid of the muscle cross-sectional area. Negative values represent right lateral and positive
represent left lateral. Data collected (OSU) are compared with literature values for males and females. Differences
between literature values and the current data are described in terms of the magnitude (mm) and as a percent of the
literature values [ ]. Magnitude and percent difference in lateral moment-arms between male and female subjects
are also shown.

Left Psoas Major - Corrected Anterior-Posterior Moment Arms

Level | OSUMale | McGillet | Difference® OSU Chaffinet | Difference* Female
mean* | al, (1993) | [%Diff] | Female | al,(1990) | [% Diff] vs
(s.d) mean* mean® mean® Male®€
(s.d.) (s.d.) (s.d) [% Diff]
T8
T9
T10
T11
T12 -11
M
L1 -9 -11 -2 -2
(&) ) [-18] 7)
L2 -6 -8 2 -10 -11 -1
(%) @ [-25] Q) @ [-9]
L3 -3 -6 -3 -10 -8 2
@ 4) [-50] ) (%) [25]
L4 -0.2 2 -2.2 -7 -2 5
(&) 4 [-110] 5) 4) [250] [3600]
L5 8 19 -11 2 -6
6 ® [-58] (6) ’
S1 24 20
(7) ®)

A = millimeters (mm)
B = Female minus Male (mm)
C = Shaded cells represent significant difference between females and males (p<0.05).
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Table 1.44. Right Quadratus Lumborum mean (s.d.) anterior-posterior moment-arm distance from the center of the
vertebral body to the area centroid of the muscle cross-sectional area. Negative values represent right lateral and
positive represent left lateral. Data collected (OSU) are compared with literature values for males and females.
Differences between literature values and the current data are described in terms of the magnitude (mm) and as a
percent of the literature values [ ]. Magnitude and percent difference in lateral moment-arms between male and
female subjects are also shown.

Right Quadratus Lumborum - Corrected Anterior-Posterior Moment Arms

Level | OSUMale | McGillet | Difference® OoSu Chaffin et | Difference* Female
mean® al., (1993) [% Diff.] Female | al, (1990) [% Diff.] Vs
(s.d) mean® mean® mean® MaleB<
(s.d.) (s.d) (s.d) [% Diff.]
T8
T9
T10
T11
T12 -31
()
L1 -27 -35 -8 -29 2
(-) G [-23] &) [7]
L2 -31 -37 -6 -30 -36 -6 -1
) ©) [-16] Q) (G) (-17] [-3]
L3 -31 -37 -6 -31 -32 -1 0
) Q) [-16] ) ) [-31 [0
L4 -30 -36 -6 -26 -28 2 -4
®) &) [-17] ® M [-7] [-13]
L5 -18
(-)
S1

A = millimeters (mm)
B = Female minus Male (mm)
C = Shaded cells represent significant difference between females and males (p<0.05).
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Table 1.45. Left Quadratus Lumborum mean (s.d.) anterior-posterior moment-arm distance from the center of the
vertebral body to the area centroid of the muscle cross-sectional area. Negative values represent right lateral and
positive represent left lateral. Data collected (OSU) are compared with literature values for males and females.
Differences between literature values and the current data are described in terms of the magnitude (mm) and as a

percent of the literature values [ ]. Magnitude and percent difference in lateral moment-arms between male and
female subjects are also shown.

Left Quadratus Lumborum - Corrected Anterior-Posterior Moment Arms

Level

OSU Male

McGillet | Difference* osu Chaffin et | Difference* Female
mean® al., (1993) [% Diff.] Female al., (1990) [% Diff.] Vs
(s.d.) mean® mean® mean® MaleB€
(s.d.) (s.d)) (s.d.) [% Diff ]
T8
T9
T10
Ti11
T12 -31
(6)
L1 -30 -35 -5 -26 -4
“) &) [-14] (3) [-13]
L2 -31 -37 -6 -32 -36 -4 1
(6) (6) [-16] (6) ) [-11] [3]
L3 -31 -37 -6 -36 -32 4 5
0 (6) [-16] (10) ) [13] [16]
L4 -31 -36 -5 -32 -28 4 1
() &) [-14] (10) () [14] [3]
L5 -29
(-)
S1

A = millimeters (mm)
B = Female minus Male (mm)
C = Shaded cells represent significant difference between females and males (p<0.05).
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Table 1.46. Right Latissimus Dorsi mean (s.d.) muscle vector directions (degrees) in the coronal (8¢;) and sagittal

Proprietary data of The Biodynamics Laboratory at The Ohio State University

(65ag) planes. Negative values represent right lateral or posterior direction, and positive values represent left lateral
or anterior direction. Differences between the male and female vector directions are shown, which are the absolute
difference in degrees. Significant differences between males and females are indicated when p<0.05.

Right Latissimus Dorsi - Muscle Vector Directions (degrees) in the Sagittal and Coronal Planes

Level Female 6oy Male Ocor Difference® | Female 6Sag Male G54g Difference®
mean* mean® mean?® mean®
(s.d.) (s.d.) (s.d.) (s.d)
T8 -18.4 -19.2 0.8 -3.3 -7.0
(5.5) 5.1 p=0.727 9.5) (8.8)
T9 -20.6 -15.2 5.4 -2.2 3.0
6.8) (16.0) p=0.328 (10.3) (13.5)
T10 -10.9 -13.5 2.6 0.1 -14
(7.6) (7.9) p=0.381 (8.8) (10.8)
T11 -10.8 -11.8 1.0 44 1.3
(5.6) 4.3) p=0.643 (7.9) (7.6)
T12 -8.9 -9.7 0.8 6.6 -3.4
(11.6) 4.9) p=0.777 (9.2) (12.3)
L1 -11.8 -114 04 10.1 64
(14.9) (8.2) p=0.928 (13.6) 8.7)
L2 -3.6 -9.0 54 16.0 9.7
(14.2) 9.2) p=0.297 (13.2) ©.1)
L3 8.3 2.0
0.4) 3.1
14
L5
A =Degrees

B = Shaded cells represent significant difference between females and males.
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Table 1.47. Left Latissimus Dorsi mean (s.d.) muscle vector directions (degrees) in the coronal (6 ;) and sagittal
(65ag) planes. Negative values represent right lateral or posterior direction, and positive values represent left lateral
or anterior direction. Differences between the male and female vector directions are shown, which are the absolute
difference in degrees. Significant differences between males and females are indicated when p<0.05.

Left Latissimus Dorsi - Muscle Vector Directions (degrees) in the Sagittal and Coronal Planes

Level [ Female Oy Male G r Difference® || Female O5ag | Male 650 Difference®
mean* mean® mean® mean®
(s.d.) (s.d.) (s.d.) (s.d.)
T8 19.3 23.6 43 -8.0 2.2
(1.6) (5.3) p=0.116 .7 (62)
T9 20.9 21.3 04 -3.6 -0.9
(6.8) (1.1) p=0.900 (8.3) (12.3)
T10 12.4 11.5 0.9 -0.5 -1.9
(1.5) 6.1) p=0.769 (10.3) (13.3)
T11 8.6 9.7 1.1 -3.3 -4.8
6.1) (6.8) p=0.636 (9.6) (8.8)
T12 53 8.7 34 33 -3.2
(12.2) (6.5) p=0.412 (10.6) 9.3)
L1 9.8 9.1 0.7 0.9 -3.7
(15.6) (1.8) p=0.869 (15.4) (10.7)
L2 0.5 9.0 8.5 12.0 11.8
(14.4) 92) p=0.107 (12.0) (6.9)
L3 -5.5 12.8
G.1) (4.5)
L4
L5
A =Degrees

B = Shaded cells represent significant difference between females and males.
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Table 1.48. Right Erector Spinae mean (s.d.) muscle vector directions (degrees) in the coronal (6,) and sagittal
(65ag) planes. Negative values represent right lateral or posterior direction, and positive values represent left lateral
or anterior direction. Differences between the male and female vector directions are shown, which are the absolute
difference in degrees. Significant differences between males and females are indicated when p<0.05.

Right Erector Spinae - Muscle Vector Directions (degrees) in the Sagittal and Coronal Planes

Level Female 6y Male 6cop Difference® Female HSag Male HSag Difference®
mean® mean* mean® mean®
(s.d) (s.d) (s.d) (s.d)
T8 3.1 3.5 1.5 0.0 1.5
G0 (4.9) 3.1) 4.1 p=0.284
T9 52 7.7 74 9.4 2.0
4.5 (11.2) 3.4) 0.3) p=0.520
T10 4.6 43 8.3 5.5 2.8
(3.8) 4.8) 4.4) 4.3) p=0.124
T11 0.8 0.4 9.9 9.0 0.9
(5.9) 3.5) 3.5 3.5) p=0.541
T12 4.0 7.1 8.8 6.9 1.9
3.6) 6.1) 4.5) 3.5) p=0.247
L1 0.2 1.0 11.6 9.1
6.5) 4.2) (3.6) 3.2)
L2 -2.8 2.7 12.2 7.7
4.9) (3.8) 4.4) 4.9
L3 1.8 -3.7 9.2 10.0
“4.2) 4.0 4.1) 3.1) .
L4 -11.0 -7.6 -11.3 -6.9 44
(10.2) (8.0) (11.5) 6.6) p=0.282
L5 -10.3 -17.7 -22.3 -17.6 4.7
(13.0) (7.0) (7.5) (7.5) p=0.117
A =Degrees

B = Shaded cells represent significant difference between females and males.
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Table 1.49. Left Erector Spinae mean (s.d.) muscle vector directions (degrees) in the coronal (6¢;) and sagittal

Proprietary data of The Biodynamics Laboratory at The Ohio State University

(6Sag) planes. Negative values represent right lateral or posterior direction, and positive values represent left lateral
or anterior direction. Differences between the male and female vector directions are shown, which are the absolute
difference in degrees. Significant differences between males and females are indicated when p<0.05.

Left Erector Spinae - Muscle Vector Directions (degrees) in the Sagittal and Coronal Planes

Level | Female Oc,y Male 8¢,y Difference® | Female 5ag | Male 5 Difference®
mean® mean® mean® mean®
(s.d.) (s.d) (s.d) (s.d.)
T8 -5.0 2.7 2.3 0.8 1.2 04
(6.5) (6.5) p=0.350 @.1) (4.0) p=0.743
T9 -4.6 -0.1 4.5 8.0 8.1 0.1
(6.8) (11.4) p=0.186 (.6) (9.6) p=0.994
T10 2.3 -1.8 0.5 9.1 5.9 3.2
(6.0) (5.3) p=0.831 @.7) (5.1) p=0.101
T11 -3.2 -0.4 7.0 6.5 0.5
(4.3) (.2) @.1) G.7) p=0.752
T12 44 -7.3 5.6 7.0 1.4
(5.8) 2.9) 3.1) (5.9) p=0.503
L1 -1.3 -1.9 8.0 6.1 1.9
@.1) (3.2) (3.5) G.7) p=0.187
L2 -0.3 5.7 10.2 8.4 1.8
(3.7) (4.6) (4.2) 3.1) p=0.222
L3 1.4 3.6 9.7 6.9 39
(.5) (.6) 6.7 .6) p=0.069
L4 13.9 10.7 -11.0 -5.4 5.6
(10.4) (7.2) (8.8) (9.3) p=0.121
LS5 21.5 20.0 -18.9 -18.8 0.1
8.7) 9.1) (6.2) (8.0) p=0.993
A =Degrees

B = Shaded cells represent significant difference between females and males.

78



Proprietary data of The Biodynamics Laboratory at The Ohio State University

Table 1.50. Right Rectus Abdominis mean (s.d.) muscle vector directions (degrees) in the coronal () and
sagittal (6l54g) planes. Negative values represent right lateral or posterior direction, and positive values represent
left lateral or anterior direction. Differences between the male and female vector directions are shown, which are

the absolute difference in degrees. Significant differences between males and females are indicated when p<0.05.

Right Rectus Abdominis - Muscle Vector Directions (degrees) in the Sagittal and Coronal Planes

Level Female 6oy Male 6coy Difference® Female 9Sag Male HSag Difference®
mean? mean® mean® mean?
(s.d) (s.d) (s.d.) (s.d)
T8
T9
T10
T11
Ti2 104 10.9 0.1 -6.6
(13.0) (5.8) (7.3) (12.2)
L1 3.9 3.8 -6.2 -14.2
(11.1) (13.4) (8.3) (9.8)
L2 3.5 2.0 -10.0 -16.7
(7.3) (6.8) (5.6) (5.5)
L3 2.6 0.0 -5.8 -9.2 .
(7.6) (5.9) 6.7) (7.5) p=0.219
L4 -0.2 -59 2.1 2.5 4.6
9.2) “4.2) (6.8) 8.1 p=0.113
L5 -8.0 -3.2 0.4 1.8 1.4
8.7 6.2) (8.3) (10.7) p=0.683
A =Degrees

B = Shaded cells represent significant difference between females and males.
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Table 1.51. Left Rectus Abdominis mean (s.d.) muscle vector directions (degrees) in the coronal (8cy) and sagittal
(65ag) planes. Negative values represent right lateral or posterior direction, and positive values represent left lateral
or anterior direction. Differences between the male and female vector directions are shown, which are the absolute

difference in degrees. Significant differences between males and females are indicated when p<0.05.

Left Rectus Abdominis - Muscle Vector Directions (degrees) in the Sagittal and Coronal Planes

Level Female HCOF Male HCOI‘ Difference® Female HSag Male HSag Difference®
mean® mean® mean® mean®
(s.d) (s.d) (s.d.) (s.d.)
T8
T9
T10
T11
T12 1.6 0.2 -4.4
8.9 (4.8) 9.4)
L1 3.1 -8.5 -17.9
(9.6) 8.2) (7.2)
L2 0.5 -12.3 -14.1
(7.8) 6.4) @.4)
L3 -1.9 -6.5 -11.8
(5.7) (7.0) (8.9
L4 6.4 -1.0 -3.1
(6.6) (5.9 (6.6)
L5 4.1 4.4 -1.6
8.3) (7.1) (11.2)
A =Degrees

B = Shaded cells represent significant difference between females and males.
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Table 1.52. Right External Obliques mean (s.d.) muscle vector directions (degrees) in the coronal (8c;) and

sagittal (65g) planes. Negative values represent right lateral or posterior direction, and positive values represent
left lateral or anterior direction. Differences between the male and female vector directions are shown, which are
the absolute difference in degrees. Significant differences between males and females are indicated when p<0.05.

Right External Obliques - Muscle Vector Directions (degrees) in the Sagittal and Coronal Planes

Level Female G0y Male G0 Difference® Female HSag Male HSag Difference®
mean® mean* mean® mean*
(s.d) (s.d) (s.d) (s.d)
T8
T9
T10
T11
T12 4.1 5.0 0.6 -18.7
9.3) (6.2) 9.4) (15.2)
L1 -0.4 2.9 -12.5 214
(10.5) (5.4) (11.1) (1.2)
L2 -33 -5.0 -13.1 -24.0
6.7 (5.5) (7.6) 9.0)
L3 6.2 -0.1 4.0 7.7
8.2) 4.4) (14.9) (7.4)
L4 6.4 -0.7 . 259 23.0
(5.8) 8.3) p=0.126 (12.5) (11.4)
L5 -7.9 4.1
(-) (-)
A = Degrees

B = Shaded cells represent significant difference between females and males.
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Table 1.53. Left External Obliques mean (s.d.) muscle vector directions (degrees) in the coronal (8¢, and sagittal
(6Sag) planes. Negative values represent right lateral or posterior direction, and positive values represent left lateral

or anterior direction. Differences between the male and female vector directions are shown, which are the absolute

difference in degrees. Significant differences between males and females are indicated when p<0.05.

Left External Obliques - Muscle Vector Directions (degrees) in the Sagittal and Coronal Planes

Level Female GCO}‘ Male HCO}‘ Difference® Female HSag Male aSag Difference®
mean® mean® mean® mean®
(s.d) (s.d.) (s.d) (s.d)
T8
T9
T10
T11
Ti2 5.8 -4.8 -5.2 -17.1
(7.9) (10.5) 5.4 (15.2)
L1 2.2 22 -19.8 -24.5
(8.9) (4.6) (13.4) (9.6)
L2 2.9 1.8 -20.1 -23.4 .
42) Q.7 (8.3) (2.7 p=0.396
L3 -3.7 3.0 2.7 -1.5 42
(4.6) .1) (11.8) (11.5) p=0.359
L4 -0.3 -0.7 20.6 22.5 1.9
(6.0) 6.1) 8.1) 8.2) p=0.699
L5 16.0 33.1
(-) (-)
A = Degrees

B = Shaded cells represent significant difference between females and males.
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Table 1.54. Right Internal Obliques mean (s.d.) muscle vector directions (degrees) in the coronal (8¢,y) and

sagittal (654) planes. Negative values represent right lateral or posterior direction, and positive values represent
left lateral or anterior direction. Differences between the male and female vector directions are shown, which are

the absolute difference in degrees. Significant differences between males and females are indicated when p<0.05.

Right Internal Obliques - Muscle Vector Directions (degrees) in the Sagittal and Coronal Planes

Level Female QCOI” Male HCOV Difference® Female HSag Male HSag Difference®
mean? mean® mean® mean®
(s.d.) (s.d) (s.d.) (s.d.)
T8
T9
T10
TI1
T12
L1 22.6
(-)
L2 7.8 59 1.9 -26.8 -40.1 13.3
(13.9) (15.5) p=0.803 (13.6) (15.5) p=0.094
L3 6.5 -2.0 -11.0 -4.8 6.2
(11.7) (8.8) (19.6) (19.9) p=0.431
L4 6.4 -7.9 27.8 30.0 2.2
9.2) (8.5) (9.6) (4.3) p=0.590
L5 -17.3 36.4
(-) ()
A =Degrees

B = Shaded cells represent significant difference between females and males.
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Table 1.55. Left Internal Obliques mean (s.d.) muscle vector directions (degrees) in the coronal (6coy) and sagittal

(6sag) planes. Negative values represent right lateral or posterior direction, and positive values represent left lateral

or anterior direction. Differences between the male and female vector directions are shown, which are the absolute
difference in degrees. Significant differences between males and females are indicated when p<0.05.

Left Internal Obliques - Muscle Vector Directions (degrees) in the Sagittal and Coronal Planes

Level Female 8Cor Male Ocor Difference® | Female 6Sag Male 65,0 Difference®
mean® mean® mean® mean®
(s.d.) (s.d.) (s.d) (s.d)
T8
T9
Ti0
T11
T12
L1 -12.1 53.4
(-) (-)
L2 -2.3 -5.5 -23.2 -31.9 8.7
(13.0) 9.3) (8.5) (12.5) p=0.128
L3 -6.5 4.5 -13.8 -11.9 1.9
(11.0) (11.3) (19.1) (18.1) p=0.807
L4 0.6 6.2 22.0 25.6 3.6
2.2) (7.8) (8.8) (8.9) p=0.516
L5 25.7 27.2
(-) (-)
A = Degrees

B = Shaded cells represent significant difference between females and males.
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Table 1.56. Right Psoas Major mean (s.d.) muscle vector directions (degrees) in the coronal () and sagittal

Proprietary data of The Biodynamics Laboratory at The Ohio State University

(65ag) planes. Negative values represent right lateral or posterior direction, and positive values represent left lateral
or anterior direction. Differences between the male and female vector directions are shown, which are the absolute
difference in degrees. Significant differences between males and females are indicated when p<0.05.

Right Psoas Major - Muscle Vector Directions (degrees) in the Sagittal and Coronal Planes

Level Female HCOF Male HCOI‘ Difference® Female '9Sag Male QSag Difference®
mean® mean® mean® mean®
(s.d) (s.d.) (s.d) (s.d.)
T8
T9
T10
T11
T12
L1 8.1 7.5 0.6 7.1 13.0 5.9
(3.2) () (4.2) ()
L2 8.6 10.6 2.0 15.6 154 0.2
2.0) (3.6) p=0.128 6.1) (G4 p=0.928
L3 12.1 11.3 0.8 14.8 13.6 1.2
2.4) 2.9) p=0.404 (3.6) (3.2) p=0.387
L4 13.9 11.3 2.7 14.3 14.3 0.0
(G4 4.0) p=0.070 “.n 2.7 p=0.998
L5 13.0 9.8 3.2 11.0 15.0 4.0
6.2) G.7D p=0.144 6.7) (7.4) p=0.157
A =Degrees

B = Shaded cells represent significant difference between females and males.
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Table 1.57. Left Psoas Major mean (s.d.) muscle vector directions (degrees) in the cdronal (Bcop) and sagittal
(6Sag) planes. Negative values represent right lateral or posterior direction, and positive values represent left lateral

Proprietary data of The Biodynamics Laboratory at The Ohio State University

or anterior direction. Differences between the male and female vector directions are shown, which are the absolute
difference in degrees. Significant differences between males and females are indicated when p<0.05.

Left Psoas Major - Muscle Vector Directions (degrees) in the Sagittal and Coronal Planes

Level Female HCOI‘ Male BCOI‘ Difference® Female 9Sag Male BSag Difference®
mean® mean® mean® mean®
(s.d) (s.d) (s.d) (s.d)
T8
T9
T10
T11
T12
L1 -10.5 -10.9 0.4 7.3 17.6 10.3
3.9 (3.6) (5.0) (1.0 p=0.072
L2 -8.9 -8.0 13.0 16.0 - 3.0
2.5) (2.6) 4.0) (3.8) p=0.056
L3 -9.0 -7.9 14.2 12.7 2.5
2.7 (2.5) 5.2) 4.0) p=0.418
L4 -8.9 -7.5 10.9 12.4 1.5
(3.0) (2.6) 4.8) (5.6) p=0.446
L5 -9.1 -4.0 15.7 14.9 0.8
3.9 (3.2) @.7n 2.7 p=0.611
A =Degrees

B = Shaded cells represent significant difference between females and males.
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Table 1.58. Right Quadratus Lumborum mean (s.d.) muscle vector directions (degrees) in the coronal (6) and
sagittal (6Sqg) planes. Negative values represent right lateral or posterior direction, and positive values represent
left lateral or anterior direction. Differences between the male and female vector directions are shown, which are
the absolute difference in degrees. Significant differences between males and females are indicated when p<0.05.

Right Quadratus Lumborum - Muscle Vector Directions (degrees) in the Sagittal and Coronal Planes

Level Female Hcor Male 9C0r Difference® Female 9Sag Male 9Sag Difference®
mean?® mean® mean® mean®
(s.d.) (s.d) (s.d.) (s.d)
T8
T9
T10
T11
T12
L1 33 12.2 8.9 13.9 5.9 8.0
6.1 (-) (5.8) (-)
L2 21.0 21.9 0.9 12.6 10.3 2.3
(7.2) “4.4) p=0.718 (7.6) (6.6) p=0.411
L3 234 16.8 6.6 14.7 11.2 3.5
4.2) (12.3) p=0.129 5.1) 4.0) p=0.080
L4 23.3 10.6
() (-)
L5
A = Degrees

B = Shaded cells represent significant difference between females and males.
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Table 1.59. Left Quadratus Lumborum mean (s.d.) muscle vector directions (degrees) in the coronal (8c,,) and

sagittal (6S4g) planes. Negative values represent right lateral or posterior direction, and positive values represent
left lateral or anterior direction. Differences between the male and female vector directions are shown, which are
the absolute difference in degrees. Significant differences between males and females are indicated when p<0.05.

Left Quadratus Lumborum - Muscle Vector Directions (degrees) in the Sagittal and Coronal Planes

Level Female 6 Male 6oy Difference® || Female OSag Male 6540 Difference®
mean® mean® mean® mean®
(s.d.) (s.d.) (s.d.) (s.d.)
T8
T9
T10
T11
Ti2
L1 -11.1 -17.1 6.0 8.1 9.8
(3.9) (0.2) p=0.078 (4.6) (8.3)
L2 -23.8 -23.7 0.1 8.2 11.3
(8.4) (11.3) p=0.970 (1.8) (5.5)
L3 -17.3 -12.4 4.9 14.9 8.4
1.7) (13.7) p=0315 @.1) (5.9)
L4 -20.6 6.0
(-) ()
L5
A =Degrees

B = Shaded cells represent significant difference between females and males.
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Table 1.60. Vertebral body mean (s.d.) muscle vector directions (degrees) in the coronal (6Cor) and sagittal (654g)

planes. Negative values represent right lateral or posterior direction, and positive values represent left lateral or
anterior direction. Differences between the male and female vector directions are shown, which are the absolute

difference in degrees. Significant differences between males and females are indicated when p<0.05.

Vertebral Body - Muscle Vector Directions (degrees) in the Sagittal and Coronal Planes

Level Female ﬁcor Male HCOI‘ Difference® Female 9Sag Male HSag Difference®
mean® mean® mean® mean®
(s.d) (s.d) (s.d.) (s.d)
T8 -0.3 0.8 1.1 3.6 1.8
2.5) 2.0) p=0.360 (3.0) 3.3)
T9 1.5 1.2 0.3 6.5 4.3
2.7 2.6) p=0.401 (3.4) 3.1
Ti0 0.3 0.9 0.6 8.3 4.0
2.4) 2.8) p=0.523 (5.0 3.3)
TI1 -0.2 0.2 04 9.8 6.6
.3) 2.5) p=0.779 (5.6) 3.9)
T12 -0.9 -0.2 0.7 12.7 11.2
(3.4) 2.9) p=0.570 3.9 5.7
L1 -1.3 -0.7 0.6 14.9 12.0
2.4) 2.3) p=0.527 3.9) (5.0)
L2 -0.6 1.2 1.8 14.0 114
2.9) 2.9) p=0.118 39 2.5)
L3 0.6 0.1 0.5 8.6 9.1
2.7 2.8) p=0.673 3.1 (1.8)
L4 2.4 1.9 0.5 -3.7 04
(3.8) (2.5) p=0.727 (71.2) “4.2)
L5 54 3.0 2.4 -22.0 -15.3
é.D 3.3 p=0.203 10.7) 5.7
A = Degrees

B = Shaded cells represent significant difference between females and males.
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Table 1.90. Mean (s.d.) differences between the largest right and left PCSAs (mm?), for both male and females,
irrespective of vertebral level location. Shaded cells represent significant differences between the right and left
sides, at p<0.05.

Muscle Females Males
Group Mean | Sample | % Diff* | p-value Mean Sample | % Diff* | p-value
Diff* Size Diff* Size
(s.d)
Latissimus 20 0.0001
Dorsi
Erector 0.1465
Spinae
Rectus -3.8 0.1043 5.3 10 0.6 0.6524
Abdominis (35.6)
| External ’ .:0.0063 -27.8 10 -2.4 0.4850
Obliques o (120.6)
Internal -21.7 9 -2.0 0.6887
Obliques (156.7)
Psoas Major -78.0 10 -4.0 0.1100
(139.1)
Quadratus . -31.6 10 -4.0 0.1924
Lumborum " o (70.9)

* Mean difference is calculated as the largest PCSA from the right side minus the left side
(mm?),

# Percent difference is calculated as right PCSA minus left PCSA, divided by the right PCSA.

Table 1.91. p-values for Analysis of Variance results for the right versus left side PCSA, on a level-by-level basis.
Shaded cells represent significant differences of the vertebral level x side interaction at the p<0.05 level.

Muscle Males
Latissimus Dorsi 0.0068
Erector Spinae 0.6416
Rectus Abdominis 0.2849
External Obliques 0.5154
Internal Obliques 0.6228
Psoas Major 0.5651
Quadratus Lumborum || 0.7886

Table 1.92. Post-hoc results of Analysis of Variance of right versus left side PCSA (R=right, L=left).

Muscle Gender T8 T9 | T10 | T11 | T12 | L1 L2 L3 L4 L5 S1
Latissimus Male R>L | R>L | R>L

Dorsi Female R>L | R>L | R>L

Quad Lumb. | Female L>R | L>R
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Table 1.95. Muscle vector locations for the muscle origins, in the coronal and sagittal plane for males and females,
as a function of anthropometric measurements at the xyphoid process and the iliac crest. Negative values in the
coronal plane represent right lateral and positive represent left lateral. Negative values for the sagittal plane
represent posterior, and positive values represent anterior to the centroid of the vertebral body.

Coronal Plane Sagittal Plane

Muscle Female Male Female Male
Xyphoid Iliac Xyphoid Iliac Xyphoid Iliac Xyphoid Iliac
Process Crest Process Crest Process Crest Process Crest
RLAT -0.25 -0.24 -0.26 -0.28 ‘ -0.21 -0.19
LLAT 0.26 0.25 0.26 0.28 -0.15
RES -0.10 -0.09 -0.09 -0.10 -0.27
LES 0.10 0.10 0.10 010 f -03 \ : -0.27
RABD -0.14 -0.14 -0.13 -0.14 0.35 0.33 0.33 0.34
LABD 0.12 0.11 0.33 0.31 0.33 0.34
-0.40 o -042 0.14 0.13 0.13 0.14
0.39 0.40 0.11 0.10 0.14 0.15
-0.37 0.16 0.15 0.13 0.13
0.34 0.15 0.14 0.17 0.18

Latissimus Dorsi: Projected From T, through L, to Ls;
Erector Spinae: Ls;

Rectus Abdominis: Lg;

External Obliques: Projected from L, through L, to Ls;
Internal Obliques: Projected from L; through L, to L.

116




Table 1.96. Muscle vector locations for the muscle origins, in the coronal and sagittal plane for males and females,

as a function of anthropometric measurements at the xyphoid process and the iliac crest. Negative values in the
coronalal plane represent right lateral and positive represent left lateral. Negative values for the sagittal plane

represent posterior, and positive values represent anterior to the centroid of the vertebral body.

Coronal Plane Sagittal Plane
Muscle Female Male Female Male
Xyphoid Tliac Xyphoid Iliac Xyphoid Iliac Xyphoid Iliac
Process Crest Process Crest Process Crest Process Crest
RLAT -0.25 -0.24 -0.26 -0.28 022 | -021 0y
LLAT 0.26 0.25 0.26 0.28 0,200 -0.18
RES -0.10 -0.09 -0.09 -0.10 -0.30 . -0.28
LES 0.10 0.10 0.10 0.10 -0.29
RABD -0.14 -0.14 -0.14 0.35 0.33
0.12 0.11 0.33 0.31
-0.42 0.31 0.29
0.40 0.25 0.23
-0.37 0.16 0.15
0.34 0.15 0.14

Latissimus Dorsi: Projected From T through L, to Lg;

Erector Spinae: Ls;
Rectus Abdominis: Ls;

External Obliques: L, to L, at a 45 degree angle;
Internal Obliques: Projected from L; through L, to L;.
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Table 1.97. Muscle vector locations for the muscle origins, in the coronal and sagittal plane for males and females,
as a function of anthropometric measurements at the xyphoid process and the iliac crest. Negative values in the
coronal plane represent right lateral and positive represent left lateral. Negative values for the sagittal plane
represent posterior, and positive values represent anterior to the centroid of the vertebral body.

Coronal Plane Sagittal Plane
Muscle Female Male Female Male
Xyphoid Iliac Xyphoid Iliac Xyphoid Tliac Xyphoid Iliac
Process Crest Process Crest Process Crest Process Crest
RLAT -0.25 -0.24 -0.26 -0.28 022 -0.21 -0.19
LLAT 0.26 0.25 0.26 028 |t -0.18 -0.15
RES -0.10 -0.09 -0.09 -0.10 -0.28 -0.27
LES 0.10 0.10 0.10 0.10
-0.14 -0.14
0.12 0.11
-0.40 -0.42
0.39 0.40
-0.38 -0.37 -0.07 -0.07 -0.06 -0.06
0.37 | 034 -0.10 -0.09 -0.05 -0.05

Latissimus Dorsi: Projected From T, through L, to Lg;

Erector Spinae: Ls;

Rectus Abdominis: L;

External Obliques: L, to L, at a 45 degree angle;

Internal Obliques: Projected from L, to L, at a -45 degree angle.
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Table 1.98. Muscle vector locations for the muscle insertions, in the coronal and sagittal plane for males and
females, as a function of anthropometric measurements at the xyphoid process and the iliac crest. Negative values
in the coronal plane represent right lateral and positive represent left lateral. Negative values for the sagittal plane
represent posterior, and positive values represent anterior to the centroid of the vertebral body.

Coronal Plane Sagittal Plane

Muscle Female Male Female Male
Xyphoid Iliac Xyphoid Tliac Xyphoid Iliac Xyphoid Iliac
Process Crest Process Crest Process Crest Process Crest

RLAT -0.49 -0.47 -0.47 -0.51 -0.09 -0.08 -0.08 -0.08

LLAT 0.49 0.47 0.46 0.50 -0.04 -0.04 -0.03

RES -0.10 -0.09 -0.10 -0.10 -0.24 -0.22 -0.23

LES 0.10 0.10 0.10 0.11 -0.23 -0.21

RABD -0.13 -0.12 -0.14 -0.15 0.52 0.54

LABD 0.14 0.13 0.13 0.13 0.53 0.55

REOB -0.40 -0.39 -0.40 -0.43 0.30 0.29

LEOB 0.41 0.39 0.39 0.42 0.31 0.32

RIOB -0.36 -0.35 -0.36 -0.38 0.19 0.15

LIOB 0.35 0.34 0.34 0.36 0.17 0.18

Latissimus Dorsi: Tg;
Erector Spinae: Tg;
Rectus Abdominis: L;;
External Obliques: L;;
Internal Obliques: L.

Table 1.99. Linear regression equations predicting vertical distance (cm) from the L; vertebral level to different
muscle vertebral levels in the coronal direction, as a function of standing height.

Vertebral Females Males

Levels Regression Equation* R? p-value [| Regression Equation* R? p-value
Tg-Ls(cm) | 8.834 +0.106Height | 0.392 | 0.0032 [ 5.703 +0.129Height | 0.639 0.0055
L,-Ls(cm) | 4.734 + 0.053Height | 0.261 | 0.0214 [ 1.759 +0.072Height | 0.580 0.0105
L;-Ls(cm) | 3.678 + 0.019Height | 0.144 | 0.0989 [ 0.377 +0.040Height | 0.527 0.0028
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Table 1.100. Muscle vector locations for the muscle insertions, in the coronal and sagittal plane for males and

females, as a function of anthropometric measurements at the xyphoid process and the iliac crest. Negative values
in the coronal plane represent right lateral and positive represent left lateral. Negative values for the sagittal plane
represent posterior, and positive values represent anterior to the centroid of the vertebral body.

Coronal Plane Sagittal Plane

Muscle Female Male Female Male

Xyphoid Iliac Xyphoid Iliac Xyphoid Iliac Xyphoid iac

Process Crest Process Crest Process Crest Process Crest
RLAT -0.34 -0.32 -0.32 -0.34 -0.17 -0.16 -0.18 -0.19
LLAT 0.35 0.33 0.32 0.35 -0.22 -0.21 -0.17 -0.18
RES -0.13 -0.12 -0.12 -0.13 -0.27 -0.25 -0.25 -0.26
LES 0.13 0.13 0.12 0.13 -0.29 -0.27 -0.25 -0.25
RABD -0.13 -0.12 -0.15 -0.16 0.50 D46 0.51 o
LABD 0.13 0.13 0.12 0.13 0.50 0.46 j 0.52 0
REOB -0.40 -0.39 -0.40 -0.43 0.27 0.25 0.25 0.26
LEOB 0.40 0.39 0.39 0.41 0.26 0.24 0.28 0.29
RIOB -0.36 -0.35 -0.36 -0.38 0.18 0.17 0.15 0.16
LIOB 0.35 0.34 0.34 0.36 0.16 0.15 0.18 0.18

Latissimus Dorsi: Ly/L,;
Erector Spinae: L,/L,;
Rectus Abdominis: L,/L,;
External Obliques: L,/L,;
Internal Obliques: L,/L,;
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Table 1.101. Distribution (percentage of total sample, and frequency of occurrence in parenthesis) of the largest

muscle area by vertebral level, for the right and left latissimus dorsi.

Vertebral Right Latissimus Dorsi Left Latissimus Dorsi
Level Female Male Female Male
T, 95% 80% 90% 80%
(19 ® (a8 ®
T, 5% 20% 10% 20%
&) 2 2 @)

Table 1.102. Distribution (percentage of total sample, and frequency of occurrence in parenthesis) of the largest

muscle area by vertebral level, for the right and left erector spinae.

Vertebral Right Erector Spinae Left Erector Spinae
Level Female Male Female Male
L, 15% 10% 15% 10%
©)) &) 3 )
L, 40% 50% 45% 60%
® &) ® ©)
L, 45% 40% 40% 30%
® &) ® €))
L, 5% - - -
&)

Table 1.103. Distribution (percentage of total sample, and frequency of occurrence in parenthesis) of the largest
muscle area by vertebral level, for the right and left rectus abdominis.

Vertebral Right Rectus Abdominis Left Rectus Abdominis
Level Female Male Female Male
T,, - - 5% --

)
L, -- -- 15% --
€]
L, 5% -- 5% --
@ )
L, - -- -- 30%
A
L, 10% -- 5% --
@ @
L, 15% 40% 25% 30%
©) (O] &) (©))
S, 70% 60% 45% 40%
(14) (6) ) “)
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Table 1.104. Distribution (percentage of total sample, and frequency of occurrence in parenthesis) of the largest
muscle area by vertebral level, for the right and left external obliques.

Vertebral Right External Oblique Left External Oblique
Level Female Male Female Male
L1 -- 10% -- -

1)
L, 15% - 10% --
3) @)
L, 40% 30% 40% 20%
® (3) (3 )
L, 45% 40% 45% 70%
® ) ® )
L, -- 20% 5% 10%
2 () (D

Table 1.105. Distribution (percentage of total sample, and frequency of occurrence in parenthesis) of the largest
muscle area by vertebral level, for the right and left internal obliques.

Vertebral Right Internal Oblique Left Internal Oblique
Level Female Male Female Male
L, -- -- 5.6% --
)
L, 16.7% 20% 5.6% 11.1%
&) @ M O
L, 83.3% 80% 88.8% 88.9%
(15) ® (16) ®)

Table 1.106. Distribution (percentage of total sample, and frequency of occurrence in parenthesis) of the largest
muscle area by vertebral level, for the right and left quadratus lumborum.

Vertebral Right Quadratus Lumborum Left Quadratus Lumborum
Level Female Male Female Male
L, 5.3% -- -- --
)
L, 15.8% 10% 10% 10%
3 M 2 M
L, 73.7% 90% 85% 90%
(4) ® an &)
L, 5.3% -- 5% -
() O]
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Table 1.107. Distribution (percentage of total sample, and frequency of occurrence in parenthesis) of the largest

muscle area by vertebral level, for the right and left psoas major.

Vertebral Right Psoas Major Left Psoas Major

Level Female Male Female Male
L, 35% 40% 20% 40%

) @ @ G

L 40% 60% 65% 40%

® ©® (13) @
S, 25% - 15% 20%

(5) A3) )
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Part 2: Physiological measurement of the in-vivo muscular length-
strength and force-velocity relationships in the female
trunk torso.

Introduction

The estimation of moments and forces about the lower back using the EMG-assisted
biomechanical model consists of adding the predicted muscle forces in three dimensions, and
then using muscle moment-arm relationships, adding and partitioning the resulting moment in
three dimensions. The determination of muscle force, however, is a function of muscle
dynamics, which affect the EMG signal and the force output, and the force producing capability
of the muscle, which includes the gain and the size of the muscle. The muscle physiological
cross-sectional areas and geometry (e.g., location of the vector coordinates for insertion and
origins) relationships for females were determined in Part 1. The muscle gains should remain
constant in an individual. The force output of a muscle however, depends on the length of the
muscle and the velocity of contraction at any point in time during the exertion. These factors
also affect the EMG activity elicited from the muscle. Thus, in order to develop a valid dynamic
biomechanical EMG-assisted model to estimate spinal loading, the muscle length-strength and

force-velocity relationships must be determined.

Background and Objectives

The objective of Part 2 was to develop the empirical muscle length-strength and muscle
force-velocity relationships that describe the dynamic muscle behavior of military age females,
which then will be incorporated into a female specific dynamic EMG-assisted biomechanical
model. Past research has found that the length of the muscle and the velocity of the muscle
contraction have an affect on the maximum muscle force capabilities, as well as the
electromyographic activity elicited from the muscles (Wilkie, 1950; Bigland and Lippold, 1954;
Hill, 1938; Komi, 1973; Granata and Marras, 1993; Raschke and Chaffin, 1996; Davis et al.,
1998). Additionally, these relationships have been developed on muscle activities from males.

Thus, in order to permit accurate assessments of spinal loading and associated LBD risk of
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females performing dynamic material handling tasks, it is necessary to generate the physiologic

description of muscle dynamics that accurately describes military age women.

Administrative Note

In the accepted research proposal, the experimental design and methods for Part 2 called
for collecting the electromyographic, kinetic and kinematic data from 35 females in a free-
dynamic mode. After the 35 subjects had been collected, quality control checks indicated that
nine subjects had to be excluded from the dataset of 35 females due to unacceptable data. Efforts
continue to collect the agreed upon 35 subjects for this part of the research.

The free-dynamic mode of lifting allows the subjects to lift the weights at different
controlled isokinetic trunk velocities while their body remained unconstrained, except for their
feet. Preliminary analyses from these free-dynamic lifting trials did not result in acceptable
model performances, with low 7*s and high muscle gain values. Thus, it was hypothesized that
the subjects were allowing their hips and pelvis’s to rotate during the lifting motions, resulting in
highly variable length-strength and force-velocity results. Therefore, to remove the potential
confounding effect of the rotation of the pelvis and hips, additional subjects were collected in a
device called a pelvic support structure (PSS), which restricts movement to the trunk only, and
not the pelvis. Thirty-six subjects have been collected in the PSS, and the modulation factors
determined from this new dataset are very promising as the performance of the biomechanical
model using these modulations have enhanced the performance parameters far above those solely
on the free-dynamic data. Similarly, when the modulation factors determined from the PSS were
applied to the data from the free-dynamic exertions, the biomechanical model performance
parameters were again more acceptable than those when the modulation factors were determined
solely from the free-dynamic exertions. Thus, the approach used was to determine the muscle
length-strength and force-velocity relationships that we know are valid (from the PSS lifting
trials), and apply these relationships to the free-dynamic lifting exertions.

The results reported as of October 24, 1998, for Part 2 include 1) the derivation of the
female length-strength and force-velocity modulation factors from 36 female subjects performing
lifting exertions while constrained at the hips (i.e., in the PSS), and 2) the application of these

modulation factors to the kinematic, kinetic, and electromyographic data collected from the 26
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subjects in the free-dynamic mode to assess the model performance during controlled sagittally
symmetric free-dynamic lifting. The results presented are promising, and it is expected that the

additional subjects to be collected to finish out this phase will solidify the current relationships.

Methods

Subjects

The subjects consisted of 36 females for the lifting performed while constrained at the
hips (in a pelvic support structure, described later), and 26 females for the free-dynamic lifts, all
recruited from the local community. The anthropometric measurements for subjects in both
lifting modes are shown in Table 2.1 None of the subjects were experiencing any low back pain

at the time of the testing.

Table 2.1 Anthropometric data (mean and s.d.) from the female subjects for the lifting in the
PSS and from the free-dynamic lifts.

Anthropometric Variable Pelvic Support Free-Dynamic
Structure (N=36) (N=26)
Age (yrs) 23.6 23.0
4.9) (3.2)
Standing Height (cm) 166.3 167.8
(6.3) (5.0)
Weight (kg) 60.9 61.3
(8.9) (7.8)
Trunk Width at Iliac 27.1 26.7
Crest (cm) 2.1) (2.2)
Trunk Depth at Iliac 18.8 18.5
Crest (cm) (2.2) (2.1)
Trunk Width at Xyphoid 26.7 274
Process (cm) (1.4) (1.4)
Trunk Depth at Xyphoid 194 19.4
Process (cm) (1.7 (1.7)
Body Mass Index (kg/m?) 21.9 21.7
(2.3) (2.0)
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Experimental Design

The experimental design described below applies to the data collected from the free-
dynamic mode as well as the lifting with the hips constrained in the PSS. The dependent
variable consisted of the normalized electromyographic (EMG) activity from each of ten trunk
muscles. The independent variables consisted of the weight of lift (15 Ibs or 30 Ibs), speed of the
lifting motion (15, 30, 45, and 60 degrees per second) through a range of 50 degrees forward
flexion to an upright standing position, as well as a static holding position (0 deg/sec) at forward
trunk flexion angles of 5, 20, 35, and 50 degrees. The various weight and velocity lifting

conditions were presented to each subject in a random order.

Equipment

A lumbar motion monitor (LMM), which is essentially an exoskeleton of the spine, was
used to collect the kinematic trunk variables (Marras et al., 1992). The LMM was placed on the
subjects back, and provided feedback via a computer screen as to when the subject reached the
starting trunk angle. The LMM also measured and provided feedback on the trunk extension
velocity, as the subject viewed the trunk velocity trace and their performance on a computer
screen.

Electromyographic (EMG) activity was collected through the use of bipolar silver-silver
chloride surface electrodes, spaced approximately 3 cm apart over ten trunk muscles (Mirka and
Marras, 1993). The ten trunk muscles included the right and left pairs of the latissimus dorsi,
erector spinae, rectus abdominis, external obliques, and the internal obliques. The subjects
performed the lifting exertions while standing on a force plate (Bertec 4060A, Worthington,
OH), which measured the three dimensional ground reaction moments and forces generated
during the lifting exertions.

While the LMM, electromyography, and a force plate were used for both segments of this
study (i.e., the lifting performed with the hips constrained and also for the free-dynamic mode),
the external structures were different between the two modes. For the free-dynamic conditions,
the subjects were not constrained in any way except for the requirement that they keep their feet
on the force plate during the lifting exertion. To translate the moments and forces measured

from the force plate to the estimated location of the L/S, intervertebral disc, the location and
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orientation of the subjects’ lumbosacral joint was monitored by use of a sacral location
orientation monitor (SLOM) and a pelvic orientation monitor (POM, see Figure 2.1), (Fathallah
etal, 1997). For lifting trials performed with the hips constrained, the subjects were positioned
into a pelvic support structure (PSS) that was attached to the force plate. The PSS restrained the
subject’s pelvis and hips in a fixed position (see Figure 2.2). The position of the L,/S, relative to
the center of the force plate remained constant for all lifting trials, which allowed the forces and
moments measured by the force plate to be rotated and translated to the position of the L,/S,
(Granata et al., 1995).

All data signals from the above equipment were collected simultaneously through
customized Windows™ based software developed in-house. The signals were collected at 100
Hz and recorded on a 486 computer via an analog-to-digital conversion board and stored for later
analysis.

To allow the subjects to control their lifting velocity in an isokinetic manner, an
additional computer was used to display the instantaneous velocity recorded by the LMM in real
time. The signal was transferred from the LMM to the computer through an analog-to-digital
board and converted into velocity by customized software. The subjects were then to control
their isokinetic lifting velocity by keeping the trace of the velocity within tolerance lines

displayed on the computer.

Lacation &
QOrientation

Biodynamcs
Laboratary

Computer
Force Plate Facility

Figure 2.1. Experimental equipment for the Free Dynamic lifting conditions.
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EMG Processing Equipment

Pelvis Support Structure (PSS)
Data Acquisition Computer

. Computer Display
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Figure 2.2. Experimental equipment for the lifting trials using the Pelvic Support Structure.

Experimental Procedures

Upon the subjects atrival to the testing laboratory, the subjects read and signed a consent
form, and took a pregnancy test so as to determine their pregnancy status. Once they were
determined not to be pregnant, anthropometric data and demographic information weré obtained.
The surface electrodes for the EMG were then applied over each of ten trunk muscles, while skin
impedance’s were kept below 500 kQ2. Maximum voluntary contractions (MVCs) for each of the
trunk muscles were obtained, with the subjects performing MVCs for trunk extension and flexion
static exertions, as well as right and left twisting and right and left lateral bending, all against a
constant resistance. All resulting trunk muscle EMG data obtained from the experimental trials
were then normalized to the maximum EMG activity obtained during these six directional
MVCs. Thus, the normalized EMG activity represents the fraction of maximum muscle activity
that is applied at any point in time, and also allows relative muscle activity comparisons across
subjects as well as within subjects. Following the MVCs, an LMM was placed on the subject’s

back, and the subject was then allowed to practice the lifting motion to become proficient with
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the different controlled trunk velocities. The experimental task required the subjects to control
and maintain their trunk lifting velocity between tolerance limits (displayed on a computer
screen) for each of the different velocity conditions. If the subject failed to maintain the trunk
motion within the tolerance limits, the trial was rerun. A three percent tolerance was used by

displaying two lines that were 1.5 percent above and below the target velocity.

Modulation Factor Determination

The determination of the muscle length-strength and force-velocity modulation factors
consisted of a biomechanical analysis of the normalized EMG data collected from the subjects in
the PSS. This was accomplished by comparing the measured sagittal trunk moment from the
force plate with the un-modulated (i.e., without the muscle length-strength and muscle force-
velocity relationships) predicted sagittal trunk moment (Granata and Marras, 1995; Granata,
1993). Specifically, this included a systematic analysis procedure incorporating different inputs
into an EMG-assisted biomechanical model using the general form of equations 2.1 and 2.2
(Marras and Sommerich, 1991a, 1991b; Granata and Marras, 1993; Marras and Granata, 1995;
Granata and Marras, 1995; Marras and Granata, 1997). This method then minimized the average
variation of the ratio of external to internal sagittal moment as a function of muscle length and
velocity. Additionally, a simplifying assumption was made that the erector spinae group are the
sole muscles that counteract the external moment during the sagittally symmetric lifting
exertions. This assumption seemed reasonable as antagonistic muscle activity was shown to be
minimal during similar motions of other studies (Granata and Marras, 1995; Davis et al., 1998).

Force; = Gain x (EMG, / EMG,,,,) x Area, x f{Vel) x fillLength) (Eq 2.1)

M, rea = Z1; % Force; (Eq 2.2)
where:

Force; = tensile force for muscle j;

Gain = physiological muscle stress (N/cm?);

EMQG, = integrated EMG from the lifting exertion;

EMG,,,, = integrated EMG from MVCs;

Area; = maximum physiological cross-sectional area of muscle j;
f(Vel) = the muscle force-velocity modulation factor;

f(Length) = the muscle length-strength modulation factor;

M, ... = predicted sagittal trunk moment during the lifting exertion;

x-pred

1, = moment-arm for muscle j.
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Initially, the data for the dynamic lifting exertions were restricted to the range of 0
degrees to 45 degrees sagittal flexion, as the passive structures of the lower back are estimated to
begin sharing the loading at increasing rates at sagittal flexion angles greater than 45 degrees
(McGill et al., 1986; Kirking, 1997). Thus, restricting the range of dynamic exertion data to less
than 45 degrees sagittal flexion ensures that the active structures (e.g., muscles) are fully
contributing to the spinal loading. The exertions from each subject were run through the EMG-
assisted model without any modulation factors (i.e., without Gain, f[ Vel] and f]Length]) to
determine the subject specific average gain value. Next, the average gain per subject was input
into the biomechanical model, and all the exertions were modeled again using the unmodulated
versions of equations 2.1 and 2.2 (i.e., f[Vel] and flLength] factors equal to 1.0). The measured

sagittal moment from the force plate (M

X-meas.

) was then compared with the predicted sagittal
moment (M, .,) at each point in time, to obtain a vector of the ratio of M, divided by ~ M,
orea- This vector of the moment ratio was then used as the dependent variable in a multiple linear
regression model to predict the moment ratio as a function of the muscle length for the erector

spinae. Specifically, the form of the multiple linear regression model was:

Y =B, + B,(Length) + B,(Length?) + B,(Length’) (Eq. 2.3)
where:

Y = ratio of measured sagittal moment (M, ,...,,) and predicted sagittal moment (M, ,...);
Length = Muscle length expressed as a ratio of estimated muscle length divided by the
resting muscle length.

The resulting regression equation consisting of the B, B, B, and B, coefficients for the
muscle length factor was then used as the muscle length-strength modulation factor. The length-
strength modulation factor was then input into equations 2.1 and 2.2, and the EMG-assisted
biomechanical model was then run again with the muscle force-velocity modulation factor
[f(Vel)] set equal to 1.0 to identify the force-velocity effects. The measured sagittal moment
from the force plate was again compared with the predicted sagittal moment at each point in time
divided by M

to obtain a vector of the ratio of M + This vector of the moment ratio was

X-meas X-pre

then used as the dependent variable in a multiple linear regression model, to predict this moment
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ratio as a function of the erector spinae muscle velocity. Specifically, the form of the multiple

regression model was:

Y =B, +B,(Vel) (Eq. 2.4)
where:

Y = ratio of measured sagittal moment (M,,,;) and predicted sagittal moment (M, ,.4);
Vel = Muscle velocity expressed as a ratio < 1.0, where a static condition results in a ratio
of 1.0, with increasing velocities having smaller ratios.

The resulting beta coefficients (B, and 3,) for the muscle velocity factor was then used as
the muscle force-velocity modulation factor in Equation 2.1, which is used to determine the

instantaneous muscle force.

Development of Female Specific Biomechanical Model

Since the EMG-assisted biomechanical model is an interactive system, a systematic
procedure was necessary to determine which combinations of muscle vector locations and
physiological cross-sectional areas (PCSAs) result in the best estimates of the modulation factors
for the muscle length-strength and muscle force-velocity relationships. A step-by-step approach
was used to assess any improvements or decrements in model performance indices as the PCSAs,
muscle vector orientations, and length-strength and force-velocity parameters were varied. As
shown in Table 2.2, a ten-step model building procedure was performed, varying only one
variable at a time.

In order to establish a benchmark against which model performance could be judged,
Model 1 was built using the male EMG-assisted biomechanical model, with the regression
equations predicting the maximum PCSAs from the body mass index (BMI) (Tables 1.65 to 1.69
from Part 1) as well as the muscle vector locations at the origin and insertion points and the
length-strength and force-velocity modulation factors, all based on male data (Granata and
Marras, 1993; Marras and Granata, 1995, 1997). Model 2 used the length-strength and force-
velocity modulation factors determined from the female lifting exertions performed in the PSS,
with all other model parameters based on male data as in Model 1 (i.e., PCSAs and muscle vector

locations). Model 3 was developed using the regression equations for the largest PCSAs based
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on the BMI for the females from Part 1 (Tables 1.65 to 1.69) along with the female length-
strength and force-velocity modulations, with the muscle vector locations based on the male
biomechanical model. Model 4 was developed using the regression equations predicting the
PCSA using trunk depth and trunk width measures about the xyphoid process (Tables 1.65 to
1.69), along with the female length-strength and force-velocity modulations, and the vector
locations determined from the male biomechanical model. Model 5 consisted of the PCSAs
predicted from either the xyphoid process or BMI (dependent upon which variable had the larger
predictability for each muscle), the female length-strength and force-velocity modulation factors,
and the female vector locations determined directly from the MRI scans (Table 1.95 for the
origin and Table 1.99 for the insertion). Model 6 was the same as Model 5 except for the
location of the origin and insertion. The vector locations at the origin were determined from
Table 1.97, which included the external obliques projected at a 45 degree caudal and anterior
angle (from L, through L), and the internal obliques projected at a 45 degree caudal and
posterior angle (from L, through L;). The vector location for the insertion were allowed to occur
at the most superior level where the muscle was observed (Table 1.98). Model 7a included the
PCSAs determined from either the BMI or trunk measures about the xyphoid process, the female
length-strength and force-velocity modulation factors, and the female origin vector locations
from Table 1.95 and insertion vector locations from Table 1.99. Finally, Model 8a was the same
as Model 7a, except the vector locations at the origin included the internal and external obliques
projected at 45 degree angles from L, through the origin (Table 1.97), as in Model 6. Except for
Model 1 where the female EMG, kinetic and kinematic data were applied to an existing male
biomechanical model with already determined male length-strength and force-velocity
modulation factors, the length-strength and force-velocity modulation determination procedures
were developed specifically for each of the models based on the varied PCSA and vector
orientations locations at the origin and insertion. Thus, in theory, the modulation factors will
vary between the different models depending upon the differences in the prediction of the other
factors (e.g., gain, PCSA).

To determine the validity of the new length-strength and force-velocity modulation
factors, the performance of each of the ten models was examined by comparing the predicted and

measured moment profiles quantitatively by means of a statistical squared correlation (+*), the
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average absolute error (AAE) of the comparison, along with the existence of a physiologically
valid muscle gain. The value of the r* indicates how well the measured and predicted sagittal
moment variability coincide. The AAE indicates the average magnitude of the difference
between the predicted and measured sagittal moments. For gain values to be physiologically
valid, the predicted gain values must lie between 30 and 90 N-em? (McGill et al, 1988; Reid and
Costigan, 1987; Weis-Fogh and Alexander, 1977). Thus, a high #* value, combined with low
AAE:s and physiologically valid gain values implies that the inputs into the model accounts for

the variability of the lifting moment.

Table 2.2. Data sources for maximum cross-sectional muscle areas and muscle vector locations
for different biomechanical models used to assess the muscle length-strength (L-S) and force-
velocity (F-V) modulation factors.

Model Cross-Sectional Areas Muscle Vector Locations L-S and F-V Factors
Male Female Male Female Male Female
1 X X X
2 X X X
3 X X X
4 X X X
5 X X X
6 X X X
7a X X X
7b X X Individual
8a X X X
8b X X Individual
Statistical Analysis

The objectives of the research of Part 2 were to 1) investigate how the muscles
responsible for spinal loading respond to different conditions such as velocity and weight of lift,
and 2) document how the biomechanical models with different parameters behave under these
different conditions. Therefore, the normalized muscle activity as a function of the different
conditions were documented, as well as the magnitudes and changes of the biomechanical
performance parameters (i.e., gain, #, and AAE) as a function of the different inputs.

First, descriptive statistics on all the dependent variables, consisting of the mean and

standard deviation were first determined, for both the PSS and free-dynamic portions of this
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study. Next, the normalized EMG data were analyzed to assess the effects of different task
parameters on the resulting normalized EMG values, again for both the PSS and free-dynamic
portions of the study. Multivariate Analysis of Variance (MANOVA) and ANOVA techniques
were used to assess the effects of the task parameters, using a repeated measures approach since
multiple observations were taken from the same subjects. The dependent variable consisted of
the normalized EMG value from each of the ten trunk muscles at the time of the maximum
sagittal moment during each of the lifting exertions. Analysis of Variance was performed for
each of the 10 muscles for the independent variables which were significant in the MANOVA.
Post-hoc test included Tukey pair-wise comparisons. Significance was judged relative to an o

value of 0.05.

Results

Mean Normalized Muscle Activity

The descriptive statistics for the mean (s.d.) measured sagittal moment and normalized
muscle activity for lifting trials performed in the PSS are shown in Table 2.3. Generally, the
greatest muscle activity across all velocities and weights occurred in the trunk extensor muscles,
with the erector spinae muscles resulting in the largest normalized muscle activity, with smaller
levels of activity present in the internal obliques. The sagittal moment remained relatively
constant across all velocity and weight conditions.

The results of the MANOVA on the normalized muscle activity as a function of the task
parameters is shown in Table 2.4. There was a significant effect on the collective muscle
activity from the weight and velocity effects, but no significant effect of the weight by velocity
interaction. Thus, ANOVA was run independently for each muscle while reporting only the

main effects of velocity and weight.
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Table 2.3. Descriptive results for the mean (s.d.) normalized muscle activity (percent of

maximum muscle activity) occurring at the maximum moment, and maximum sagittal moment

(Nm) as a function of velocity and weight, for lifting trials performed in the Pelvic Support

Structure.
Variable Velocity (deg/s) Weight (Ibs)
15 30 45 60 15 30
Sagittal 68.2 70.8 71.6 71.9 66.7 74.8
Moment (14.2) (14.7) (14.6) (15.0) (13.3) (15.0)
RLAT 0.09 0.09 0.09 0.11 0.08 0.11
(0.07) (0.09) (0.07) (0.09) (0.06) (0.09)
LLAT 0.10 0.10 0.09 0.11 0.08 0.12
(0.10) (0.12) (0.07) (0.10) (0.07) 0.12)
RES 0.42 0.49 0.54 0.59 0.44 0.59
(0.14) (0.17) (0.20) (0.20) (0.16) (0.19)
LES 0.43 0.49 0.53 0.58 0.44 0.57
(0.18) (0.18) (0.22) (0.22) (0.19) (0.20)
RABD 0.07 0.08 0.07 0.07 0.07 0.08
(0.06) (0.05) (0.05) (0.04) (0.04) (0.04)
LABD 0.08 0.07 0.08 0.08 0.07 0.08
(0.06) (0.05) (0.05) (0.06) (0.05) (0.05)
REOB 0.06 0.07 0.07 0.07 0.07 0.07
(0.04) (0.04) (0.04) (0.04) (0.04) (0.04)
LEOB 0.06 0.06 0.06 0.07 0.06 0.06
(0.03) (0.03) (0.03) (0.10) (0.08) (0.03)
RIOB 0.21 0.25 0.25 0.29 0.22 0.29
(0.13) 0.17) (0.15) (0.19) (0.21) (0.18)
LIOB 0.20 0.24 0.25 0.29 0.21 0.28
(0.12) (0.15) (0.14) (0.18) (0.13) (0.17)
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Table 2.4. MANOVA and ANOVA results for the normalized muscle activity for the effects of
velocity, weight, and the velocity by weight interaction, for lifting trials performed in the Pelvic
Support Structure. Shaded cells represent significant effects (p<0.05).

MANOVA Velocity x Weight

p=0.2351

Muscle

R. Latissimus Dorsi

L. Latissimus Dorsi

R. Erector Spinae

L. Erector Spinae

R. Rectus Abdominis

L. Rectus Abdominis p=0.4579

R. External Oblique L p=0.0101
L. External Oblique ’> p=0.3107

R. Internal Oblique | p=0.0001 _
L. Internal Oblique p=0.0001

The ANOVA results for the PSS lifting trials generally found that there were significant
effects of weight for all but the right rectus abdominis, and the left external oblique. The
velocity of lifting had significant effects on all but the left latissimus dorsi, right and left rectus
abdominis, and the left external oblique. Consistent trends existed when examining the results of
the post-hoc tests on the significant effects across all the muscles. Where there were significant
differences in muscle activity due to the weight effect (see Table 2.5), post-hoc tests found that
that the 30 Ib. condition always resulted in significantly greater muscle activity than the 15 Ib.
condition. Inspection of the magnitude of the differences, however, reveals that except for the
erector spinae muscles, the difference of the muscle activities between the 15 and 30 Ib.
conditions was very small (Table 2.3). For the muscles that resulted in significant different
muscle activity as a function of lifting velocity, in every case, the 60 degree/sec velocity
condition resulted in higher normalized muscle activity than the 15 degree/sec velocity condition
for the lifting trials, with the 60 degree/sec velocity condition also resulting in greater muscle
activity than the 30 degree/sec condition for the extensors (erector spinae and internal obliques).
The magnitudes of the difference, however, were very small for all muscles except for the erector

spinae (Table 2.3).
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Model Parameters

The model performance results from systematic analysis of the inputs into the force and
moment equations (Eq. 2.1 and 2.2) for the prediction of the sagittal moment for each of the ten
models are shown in Table 2.5. The use of only the dynamic lifting trials resulted in better
model parameters (lower gains and higher ’s) than when using both the static and dynamic
trials. This is expected since the static exertions do not induce a change in the moment, which is
what is tracked by the #* statistic. Generally, five of the ten models resulted in good model
performance parameters, as indicated by the shaded cells in Table 2.5. Using the male EMG-
assisted biomechanical model and applying the female kinematic, kinetic, and EMG data (Model
1), the mean and median 7*s were very acceptable (0.91 and 0.95, respectively), however, the
mean and median muscle gains (25.7 and 21.9 N.cm?) were below the valid range of muscle gain
(between 30 and 90 N-cm™). When the female PCSAs, female length-strength and force-velocity
modulation factors and female vector locations were used (Model 7a), the ’s and AAEs
remained virtually unchanged from Model 1, and the muscle gains increased to a mean and
median of 35.0 and 33.4 N-cm?, respectively, which represent values that are physiologically
reasonable. Model 8a (same inputs as Model 7a except the obliques were projected at 45 degree
angles from L, through the origin) resulted in physiological valid muscle gains (mean and
median of 32.9 and 30.5 N-cm™, respectively), and ’s similar to Model 7a. Thus, the
combination of PCSAs predicted by female anthropometry, vector locations observed from the
female MRI scans, and the female derived modulation factors resulted in very good model
performance (i.e., Model 7a and 8a).

Model 7a and Model 8a resulted in very acceptable model performance parameters.
However, the length-strength and force-velocity modulation factors for these models were
developed by collapsing the data from all subjects into one data set for the development of the
regression equations. Although the model performance parameters were very acceptable, it was
hypothesized that further increases in model performance might be obtained by reducing the
variability due to individual differences. Thus, the inputs used for Model 7a and Model 8a were
used to develop subject specific, or individual length-strength and force-velocity modulation
factors for each subject (Models 7b and 8b). As shown in Table 2.5, the model performance

based upon the individually determined length-strength and force-velocity modulation factors
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(Model 7b and Model 8b) increased the mean #’s by 5% over both Model 7a and Model 8a, -
slightly reduced the AAE measure, and the muscle gain still remained in the physiologically
valid range. Thus, accounting for individual differences between subjects improved the

predictability of the already acceptable models.

Model Selection

Model 7a and Model 8a were developed based upon female data for inputs. For example,
both models included PCSAs predicted from female anthropometry, included modulation factors
for muscle force-velocity and muscle length-strength relationships from female lifting trials, and
the muscle vector locations were based upon female MRI data. However, Model 7a used vector
locations at the origin based strictly upon observations from the MRI scans, whereas Model 8a
used vector locations determined from the 45 degree angle of force direction assumed by Schultz
and Anderson (1981). Thus, Model 7a was completely data-driven, whereas Model 8a was data-
driven with an adjustment in vector location at the origin (L) based upon an assumption of force
direction for the oblique muscles. Therefore, given that both models performed similarly, it was
our decision to select the model which was most data-driven as the “Female Model.” Thus,
Model 7a was selected for further study.

As shown in Figure 2.3, the distribution of the 7*s shows both a high mean and median
for Model 7a. The Model 7a length-strength and force-velocity modulation factors determined
from the PSS lifting trials were applied to the data from the Free Dynamic lifting trials (Table
2.6). This resulted in higher but still valid gains (mean=67.7 N-cm™), and still respectable mean
and median 7 values (0.87 and 0.90, respectively), where its distribution can be found in Figure

24.
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Modulation Factors
The final female muscle length-strength and force-velocity modulation factors from
Model 7a are shown below, where equation 2.5 is the female length-strength modulation factor,

and equation 2.6 is the female force-velocity modulation factor:

fLength) =10.79 - 31.99 x Length; + 31.39xLength - 9.15xLength (Eq. 2.5)
AVel) = 1.029 - 0.05xVelocity; (Eq. 2.6).

For comparison purposes, the male muscle length-strength and force-velocity modulation

factors determined by Granata and Marras (1993) are shown below in Equations 2.7 and 2.8,

respectively:
SfLength)) = -3.25 + 10.2xLength, - 10.4xLengthj2 + 4.59><Lengthj3 (Eq. 2.7)
AVel) =0.4¢V® +0.76 (Eq. 2.8).

Additionally, the male muscle length-strength and force-velocity modulation factors
developed in this Part 2 using the trunk muscle geometry from Part 1 (i.e., PCSA, muscle vector

locations) are shown below in Equations 2.9 and 2.10:

AlLength)) = 28.83 - 79.21xLength; + 79.55xLength;” - 25.12xLength® (Eq. 2.9)
S(Vel) = 1.037 - 0.036xVelocity; (Eq. 2.10)

As shown in Figure 2.5, the regression line of the female length-strength modulation
factor (equation 2.5) is plotted against the male length-strength modulation factor from equation
2.7 (Granata and Marras, 1993), and also against the male length-strength modulation factor
determined from the male MRI data from Part 1 (equation 2.9). The general shape of the three
curves are very similar. As shown in Figure 2.6, the female force-velocity modulation factor
regression equation (equation 2.6) is plotted against the male force-velocity modulation factor
from equation 2.8 (Granata and Marras, 1993) and also against the force-velocity modulation
factor for males developed using trunk geometry inputs determined in Part 1 (equation 2.10).
The male and female force-velocity modulation factors developed using trunk geometry inputs
determined in Part 1 of this study are similar in shape and slope, with the females exhibiting
slightly lower moment ratios at every muscle velocity. These two curves developed in this study

are different in slope and shape, however, from the male force-velocity modulation factor
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developed by previous researchers (Granata and Marras, 1993), where the males from the prior
study exhibited a greater moment ratio near the slower velocities, and smaller moment ratios as

the velocity of contraction increases.

Table 2.5. Model results as a function of each of the ten models, with different combinations of
inputs for the cross-sectional areas, length-strength (L-S) and force-velocity (F-V) modulation
factors, and vector locations. See Table 2.2 for specific inputs for each of the ten models.

Modetl || Muscle | L-S and Vector Subjects | Statistic Pelvic Support Structure
Areas F-V Locations (N=35)
Factors Gain | ~# | AAE
Mean || 1257 8
1 Male Male Male All s.d. P 1R27.1 0

Median | 21.9

Mean 42.5
2 Male Female Male All s.d. 21.1
Median 36.7
Mean 30.8
3 Female | Female Male All s.d. 14.9
Median 27.7
Mean 33.6
4 Female | Female Male All s.d. 14.6
Median 30.2
Mean 0.0
5 Female | Female Female All s.d. 0.0
Median 0.0
Mean 21.8
6 Female | Female Female All s.d. 8.9
Median 20.2
Mean
Ta Female | Female Female All s.d.
Median
Mean
7b Female | Female Female Individual s.d.
Median
Mean
8a [ Female | Female Female All s.d.
Median
Mean

s.d.
Median

8b Female | Female Female Individual
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Table 2.6. Model performance results from Model 7a (see Table 2.2), compared to the model

performance results when applied to trials from the free-dynamic lifting exertions.

Model Statistic Pelvic Support Structure Free Dynamic
Gain r AAE Gain r AAE
Mean 35.0 0.91 49 67.7 0.87 16.2
7a s.d. 13.5 0.12 2.6 30.3 0.11 9.5
Median 334 0.95 43 61.5 0.90 14.2
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Figure 2.5 Female length-strength versus male length-strength modulation factor comparison.
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Figure 2.6 Female force-velocity versus male force-velocity modulation factor comparison.

Discussion

The results described in this research on female muscle length-strength and force-velocity
relationships have not previously been reported by other researchers. Thus, there are no other
female datasets available for comparison purposes. The length-strength modulation factor for the
females (Figure 2.5) appears to follow very closely the shape of the length-strength relationship
found by other researchers (Marras and Sommerich, 1991b; Granata and Marras 1993; Davis et
al. 1993), as well as the male biomechanical model (Granata and Marras, 1993) modified to
include the PCSAs and vector locations determined from Part 1. However, this study did result
in different shapes for the force-velocity modulation factors from previously published research,
especially at the extremes of the velocities. As shown in Figure 2.6, the female force-velocity
modulation curve is similar in slope to the male force-velocity modulation curve developed from
the male data from Part 1, with the females having a slightly lower moment ratio at every muscle
velocity. However, these curves are different from that determined on males from previous
literature (Granata and Marras, 1993). These differences may indicative of more realistic and

more accurate trunk muscle geometry used as inputs into the models, including the PCSAs and
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the muscle vector locations and directions between the origin and insertion. The development of
these modulation factors for the females followed previously used methods, including restricting
the data to a sagittal flexion range to ensure that the active loading structures as well as limiting
the lifting trials to sagittally symmetric exertions, and modeling the erector spinae muscle only.
The decision to model only the erector spinae muscle appears valid, as the descriptive results for
the normalized muscle activity revealed that this muscle group was by far the most active at all
velocities and weights examined.

The systematic approach to developing the length-strength and force-velocity modulation
factors allowed a systematic evaluation of the contribution of different inputs into the
biomechanical model, through examination of the model performance parameters of *s, muscle
gains, and the average absolute error between the predicted and measured moments. The
improvement of the biomechanical model performance of the female model (Model 7a) over the
male model (Model 1) was accentuated when utilizing the female specific physiological cross-
sectional area equations as well as the female length-strength and force-velocity modulation
factors. The mean and median muscle gain increased into the physiologically valid range (35.0
N-cm™ and 33.4 N-cm?, respectively), predictability of the sagittal moment remained acceptable
with high 7*s (mean and median r* of 0.91 and 0.95, respectively), and the average absolute error
between the predicted and measured sagittal moment remained low.

Accounting for individual differences due to factors such as different lifting mechanics
and different muscle recruitment strategies by the development of individual length-strength and
force-velocity modulation factors appears promising. Utilizing Model 7a inputs for PCSAs and
muscle vector locations, development of the modulation factors for individuals resulted in
increases of model performance parameters. The muscle gains remained virtually unchanged.
However, the association between the measured and predicted sagittal moments increased to
even higher values (mean and median 7* of 0.95 and 0.97, respectively) than those high values
found from Model 7a (mean and median * of 0.91 and 0.95, respectively), with corresponding
moderate decreases in the AAE. Although the calibration of the female EMG-assisted
biomechanical model for individual differences appears very promising, further research is
needed to determine the minimum number of calibration lifts needed to provide these modulation

factors. Thus, Model 7a which combines the data from all subjects appears to provide inputs
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which hold promise for a valid biomechanical model predicting dynamic loads on the L4/S, joint
of females.

Although the original research proposal called for the development of the length-strength
and force-velocity modulation factors solely from free-dynamic lifting exertions, these trials
resulted in unacceptable model performance parameters. Thus, it was decided to develop these
modulation factors from trials where the hips were secured, and apply the resulting model to the
free-dynamic data. The model performance parameters from the free-dynamic trials changed
when the model based on data from the PSS trials were applied. The mean gain increased from
35.0 N/em” to 67.7 N/em?, and the mean and median 7 decreased to still respectable values of
0.87 and 0.90, respectively. The gain values are still within the physiologically valid range, and
the distribution of the 7*’s is still respectable. Similar model performance parameters were
found for free-dynamic exertions by males modeled by Granata and Marras (1995), with a mean
muscle gain of 64.9 N/cm®, mean #* of 0.81, and an AAE of 17.5 N-m for sagittally symmetric
exertions. Thus, although slight decreases in model performance were observed for free-
dynamic trials when compared to the PSS trials, the parameters are still acceptable, and similar to
previously modeled male free-dynamic exertions. The differences between the gain values
between the two experimental modes may be attributed to changes in the muscle length
associated with allowing the hips and pelvis to rotate during free-dynamic exertions, unlike the
exertions in the PSS which stabilize the hips and pelvis. Differences in muscle length which may
affect the length-strength modulation and ultimately the gain may also occur due to how the
LMM is situated on the subject, as in the PSS, the LMM is attached directly to the PSS, whereas
in the free-dynamic mode, the LMM is attached and secured directly around the waist of the

subject.

Limitations

A few limitations do exist at this point in the research. First, the lifting exertions which
were modeled consisted of only sagittally symmetric exertions, and the relationship between
spinal loading and muscle activity may be different in asymmetric conditions. These

relationships, however, will be investigated in Part 3 of this, during a validation phase.
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Decreases in the model performance parameters occurred when applying the length-
strength and force-velocity modulation factors to the lifting trials performed in the free-dynamic
mode. Specifically, the mean 7* decreased from 0.91 to 0.87, and the mean muscle gains
increased from 35.0 to 67.7 N-cm™, although they were still within the physiologically valid
range. This may be a function of allowing the pelvis and hips to rotate and further changing the
length-strength and force-velocity relationships in the free-dynamic mode, and thus changing the
mechanics of the lifting and resulting EMG values. This very subject is currently being
investigated in our lab, to determine the influence of allowing the hips and pelvis to rotate during

lifting activities.

Conclusions

The derived female muscle length-strength and force-velocity relationships, when applied
to the EMG-assisted biomechanical models resulted in very good model performance parameters,
including high 7*’s between the predicted and measured moment, physiologically valid muscle
gain values, and small magnitudes of error between the predicted and measured moment. The
original procedure used to collect the data, however, had to be adjusted to reduce the variability
in the length-strength and force-velocity modulations resulting from allowing the hips and pelvis
to rotate during the lifting exertions. Thus, the lifting trials performed with the pelvis
constrained resulted in very good model performance, and when applied to the trials collected
during the free dynamic conditions resulted in somewhat lower, but still acceptable model
performance parameters.

The use of the female physiological cross-sectional muscle areas derived in Part 1
resulted in increases in performance over the male-only biomechanical model. This data,
combined with the length-strength and force-velocity modulation factors for the females and
vector locations determined from Part 1 results in a promising dynamic EMG-assisted
biomechanical model, which positions us well for the analysis of asymmetric lifting exertions in

Part 3 of this research.
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Part 3: Implementation and Validation of the EMG-assisted Model for Female
Subjects.

Introduction

Much of the manual material handling activities (e.g., lifting) are not performed in a
sagittally symmetric posture, but must be performed with trunk asymmetry involved. Thus,
motions such as twisting or lateral side bending most likely are involved to some degree in most
lifting activities. The biomechanical model parameters determined in Part 2 were developed
under sagittally symmetric lifting exertions. The goal of Part 3 was to use the parameters
developed for the females and apply to asymmetric lifting exertions, and adjust the model such
that the model performs well under sagittally symmetric exertions as well as asymmetric

exertions.

Background and Objectives

The Biodynamics Laboratory EMG-assisted model, which predicts the three-dimensional
spinal loading experienced by subjects during manual handling tasks currently has only been
validated for males. The results of Part 1 and Part 2 as reported in this progress report indicate
that females differ from males with respect to muscle anthropometry (e.g., muscle physiological
cross-sectional areas as a function of external anthropometry, and muscle lines of action), as well
as muscle length-strength and force-velocity relationships. These differences undoubtedly will
have an affect on the accuracy of the spinal loads predicted by the EMG-assisted biomechanical
model. Thus, the objectives of Part 3 include 1) utilizing the model parameters derived from Part
1 and Part 2 and implementing these into the current form of the EMG-assisted biomechanical
model, and 2) validation of the female-specific EMG-assisted biomechanical model for

sagittally-symmetric and asymmetric lifting exertions.

Administrative Note

Data collection for Part 3 is nearing completion. The accepted research proposal calls for
40 military age female subjects and 20 male subjects to be used for comparison purposes,
whereas at this time, data from 17 males and 35 females have been collected. It is expected that

an additional five female subjects and three male subjects will not drastically alter the current
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findings. In the accepted research proposal, weight conditions of 15, 50 and 80 lbs were to be
used for female as well as male subjects. However, we were unable to find a female capable of
lifting 80 1bs up to a height of 102 cm above the floor. Thus, the experimental design has been
modified to still allow three weight levels, including 15, 30, and 50 Ibs. It is felt that this weight
range is more realistic for the capabilities of the female population, especially for the number of

repetitions required by our experimental design for this study.

Methods

Experimental Design

The subjects performed free-standing lifts representative of select military material
handling tasks, using different weights, different starting and destination heights, as well as
asymmetric exertions.

The independent variables are intended to simulate a range of realistic military material
handling conditions as specified in the MOS Physical Task list (U.S. Army Infantry School), and
to assess model sensitivity and applicability for female subjects. The independent variables
include gender, weight of lift (15, 30, and 50 1bs), degree of asymmetry for the starting position
of the lift (0 and 60 degrees), and lift condition (floor to waist, floor to 102 ¢cm, knee to waist,
and knee to 102 cm above the floor). Each combination of the task independent variable was
performed twice by each subject. This repeated measures design resulted in 48 experimental
trials per subject, thus permitting sensitivity analysis of those material handling factors that
might influence model performance, as well as identifying gender differences in model
performance as a function of the other independent variables. The presentation order of the
experimental conditions were randomized and subjects were allowed at least two minute rest
(Caldwell et al. 1974) or as much time as needed between trials to minimize the risk of fatigue
and carryover effects on the results.

The dependent variables consisted of several model measures of performance. For a
model to be considered robust and accurate it must, 1) accurately represent the changes in trunk
and spine loading over time and, 2) accurately estimate the magnitude of the trunk loading during

the lift. The squared correlation (%) between the measured and predicted trunk moments will
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serve as an indicator of the model ability to accurately assess the changes in trunk loading.
Measured versus predicted magnitudes of the load imposed upon the trunk were assessed by
examining the average absolute error (AAE) between the two measures. In addition, predicted

muscle gains were used as a measure of the physiologic validity.

Subjects

The subjects to date for this part of the study included 35 females and 17 males, all of
generally observed military age. Male subjects were recruited to permit comparison and
calibration of model performance and results with female subjects. Subject anthropometric

measures are shown in Table 3.1.

Table 3.1 Anthropometric measurements (mean and s.d.) from female and male subjects.

Anthropometric Variable Females (N=35) Males (N=17)
Age (yrs) 23.8 23.8
(5.9) (3.8)
Standing Height (cm) 165.8 174.7
(6.8) 6.3)
Weight (kg) 61.2 72.2
(9.0) (10.9)
Trunk Width at Iliac 26.7 28.2
Crest (cm) (2.8) 3.7
Trunk Depth at Iliac 18.6 20.6
Crest (cm) 2.7 (2.5)
Trunk Width at Xyphoid 26.7 29.7
Process (cm) (1.6) (3.3)
Trunk Depth at Xyphoid 19.1 21.3
Process (cm) (1.8) 3.5
Body Mass Index (kg/m®) 222 23.7
(2.3) 3.7
Equipment

The equipment used in this part has been previously described in Part 2. Specifically,
subjects stood on a force plate (not moving their feet), and performed the lifts from ankle and
knee heights to destinations of waist height and 102 cm above the floor. The forces and

moments measured by the force plate were rotated and translated to the estimated position of the

150




L,/S, through the use of a sacral location orientation monitor (SLOM) and a pelvic orientation
monitor (Fathallah et al., 1997). The subjects trunk three-dimensional position, velocity, and
acceleration were measured by an LMM (Marras et al, 1992), and trunk muscle activity was
measured through electromyography, placed over right and left sides of five trunk muscle groups
(Mirka and Marras, 1993).

All data signals were collected simultaneously through customized Windows™ based
software developed in-house. The signals were collected at 100 Hz and recorded on a 486

computer and stored for later analysis.

Experimental Procedure

Upon the subjects arrival to the testing laboratory, the subjects read and signed a consent
form. Female subjects took a pregnancy test to determine their pregnancy status. None of the
female subjects tested positive on the pregnancy test, and were permitted to continue with the
study. Anthropometric data and demographic information were recorded next. Surface
electrodes for the EMG were then applied over each of ten trunk muscles, while skin
impedance’s were kept below 500 kQ. Maximum voluntary contractions (MVCs) for each of the
trunk muscles were obtained, with the subjects performing MVCs for trunk extension and flexion
static exertions, as well as right and left twisting and right and left lateral bending, all against a
constant resistance. All resulting trunk muscle EMG data obtained from the experimental trials
were then normalized to the maximum EMG activity obtained during these six directional
MVCs. Following the MVCs, an LMM was placed on the subject’s back, and the subject was
attached to the SLOM as they stood upon the force plate. Each of the 48 experimental trials were
then presented to the subject in a randomized order. The subjects were allowed to lift the load
from the starting position to the destination using a free-style lift, however, they were instructed

to keep their feet stationary on the force plate during the lifting exertion.

Data Analyses

Female biomechanical Model 7a developed in Part 2 was used in this part of the study.
The normalized EMG signals, trunk position and velocity data from the LMM, and the predicted

physiological cross-sectional muscle areas and vector locations from Part 1 were input into the
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biomechanical model to predict the forces and moments imposed upon the L,/S, joint.
Experimental data collected from the male subjects was input into the EMG-assisted
biomechanical model validated for males (Granata and Marras, 1993) which was updated to
include the predictions of the physiological cross-sectional areas and vector locations determined
from the males in Part 1. The model performance parameters from the male biomechanical
model were used for comparison purposes to those from the female model.

Model performance was assessed by examining the predictability, accuracy, and validity
of model performance parameters. Time dependent predicted trunk moments were compared
with the measured trunk moment via an r” statistic. An #* value of 0.80 or above across all trials
indicates the model is working well. The accuracy of the model prediction was assessed by
examining the absolute error between the measured and predicted moment, as a function of the
measured moment, averaged continuously over the duration of the exertion. Thus, the average
absolute error was expressed as a percent of the maximum measured moment in the sagittal
plane. The model was considered acceptable in accuracy if the average absolute error was no
greater than 20% of the measured moment in the sagittal plane. Predicted muscle gains were
also examined to assure physiological feasibility. To be considered valid, the predicted muscle
gains must fall between 30 N-cm™ and 90 N-cm™ (McGill et al, 1988; Reid and Costigan, 1987;
Weis-Fogh and Alexander, 1977).

Statistical Analysis

Descriptive statistics describing the central tendency (mean and median) and the
variability of the model performance parameters were first performed. The data was further
described by determining the percent of trials where the 7* was above 0.80, collapsed over all
conditions, as well as a function of the experimental conditions. The muscle gain was also
described by determining the percent of trials with gains in the physiological range (30 N-cm™ to
90 N-cm™), collapsed across all experimental conditions, as well as a function of the
experimental conditions.

Analysis of Variance (ANOVA) procedures were used to test the significance of the
model performance parameters (i.e., 7%, gain, and AAE) as a function of the independent

variables. The statistical analysis consisted of a mixed four-way repeated measures ANOVA,
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with one between factor (gender) and three repeated factors (weight, asymmetry and lift
condition). Significant gender effects in model performance parameters were examined by
testing the two-way interactions between gender and the other independent variables (i.e.,
weight, asymmetry and lift condition). Significant differences will indicate different levels of
model performance between the conditions and can be used as a model sensitivity measure.
Tukey post-hoc procedures were used to understand the nature of these differences. Significance

was indicated for the ANOVA and post-hoc procedures using a Type I error rate of a=0.05.

Results

The Analysis of Variance on the biomechanical model performance parameters indicated
that model performance varied significantly as a function of the experimental conditions (Table
3.2). The muscle gain varied as a function of gender for the lifting condition and weight of the
lift, and also as a function of asymmetry. Post-hoc tests revealed that the females had a
significantly higher gain for the 15 1b condition (3.4 N-cm™ higher), whereas males exhibited
greater gains for the 30 1b (2.6 N-cm™ higher) and 50 Ib condition (8.3 N-cm™ higher). Males
exhibited greater gains for lifts originating at the knee, whereas females had higher gains for the
floor to waist lift condition (Table 3.4 and Table 3.5). Asymmetric lifts resulted in increased
gains over sagittally symmetric lifts (50.9 N-cm™ to 58.5 N-cm™), independent of gender.

The squared correlation coefficient (%) was less influenced statistically by differences in
the experimental conditions than the predicted muscle gain. As shown in Table 3.2, gender
differences existed as a function of the lift condition, and weight had a significant effect on r*
independent of gender. Tukey post-hoc test revealed that males had significantly higher 7* for
the knee to chest lift condition, and females had significantly higher #* for the floor to waist
condition. The magnitude of these differences were rather small, however, ranging from 4% to
5% (Table 3.4 and Table 3.5). Post-hoc tests also indicated that the 7> at the 15 1b condition
(#*=0.88) was significantly higher than that for the 50 1b condition (#*=0.85), although again, the
difference was rather small.

The ANOVA results indicated that differences also existed for the average absolute error
of the predicted sagittal moment, expressed as a percent of the measured moment in the sagittal

plane as a function of the experimental conditions (Table 3.2). The average percent error varied
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as a function of gender for the lift condition, however, the significant differences ranged between
1.0% and 1.6%, which are very small in magnitude. Weight of the load also exhibited a
significant effect on the average percent error, with post-hoc tests revealing that the 15 1b
condition had higher percent error than the 30 Ib and 50 1b conditions, however, these differences

were less than 1%, and deemed very small in magnitude.

Table 3.2 Analysis of Variance p-values on the EMG biomechanical model performance
parameters as a function of the independent variables for both males and females. Shaded cells
represent significant effects at p<0.05.

Independent Model Performance Parameter
Variable r AAE/Moment

Gender (G) 0.4790 0.7840

Weight (W) 00191 | 0.0086

Asymmetry (A)

Lift Condition (L)

GxW

Gx A

GxL

The distribution of 7* for both genders can be examined as a function of the different
experimental conditions, as shown in Table 3.6. Both females and males exhibited mean r’s
above 0.80, with females ranging generally between 0.84 and 0.88 across all levels of the
experimental conditions. The 7*s for males spanned a similar range (between 0.83 and 0.90)
across all levels of the experimental conditions. The median #* across the different levels of the
experimental conditions were generally between 0.90 and 0.93, indicating a slightly skewed
distribution of the #*s. Overall, 78.4% of the female trials resulted in 7*s greater than 0.80 with
between 76% and 81% of the female trials resulted in 7*s greater than 0.80 across the different
experimental conditions (Table 3.6). For males, 81.8% of all trials resulted in #*s greater than
0.80, with between 74.4% to 90.7% of the trials across the different experimental conditions
resulting in °s greater than 0.80. Thus, across all experimental conditions, more than three-
fourths of the trials resulted in r’s greater than 0.80. Collectively, the distribution of the * values
indicates acceptable response to changes of the sagittal moment for both male and female

biomechanical models.
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The distribution parameters for the gain for both genders as a function of the
experimental conditions are shown in Table 3.7. Overall, the gains between male and female
were similar in magnitude (mean gains of 54.0 and 56.1 N-cm™ for females and males,
respectively). The percent of trials with gains within the physiologic range (30 to 90 N-cm™) was
slightly higher for females (82.9%) than males (75.0%). The mean and median gains for both
genders were similar, indicating a symmetric distribution, with the magnitudes falling within the
estimated physiologic range. The percent of trials falling within the physiological range as a
function of experimental condition ranged between 79.5% and 87.2% for females, and between
72.4% and 77.9% for males. Thus, the majority of the trials resulted in valid predicted muscle
gains.

Finally, the error in prediction of the lifting moment as compared to the measured sagittal
moment was within an acceptable range for both males and females. The overall AAE as a
percent of the measured moment in the sagittal plane for females was 9.0% for both females and
males. Thus, the AAE was well within the 20% boundary of an acceptable model prediction

Crror.

Table 3.3 Overall biomechanical model performance parameters for males and females,
collapsed across all experimental conditions.

Statistical Females Males

Measure Gain ¥ | AAE/Moment Gain r AAE/Moment
(N-cm?) (N-cm™?)

mean 54.0 0.86 0.09 56.1 0.87 0.09

s.d. 21.1 0.16 0.05 23.8 0.16 0.06

median 50.1 0.91 0.08 53.3 0.92 0.08
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Discussion

Collectively, these findings indicate that the female model (Model 7a from Part 2)
utilizing inputs from the MRI results from Part 1 and the length-strength and force-velocity
modulation factors developed in Part 2 resulted in an acceptable model based on the magnitudes
and distribution of the biomechanical model performance parameters. The majority of the trials
resulted in acceptable s (78.4% greater than 7*=0.80 with a mean of 0.86 and median of 0.91),
with physiologically valid gains (mean gain of 54.0 N-cm™) and a low error magnitude of
prediction of the sagittal moment (9.0% error).

The model performance parameters from the female biomechanical model compare
favorably with the model performance parameters from a male biomechanical model (Granata
and Marras, 1993), which was updated using the results of male PCSA and vector locations from
Part 1 of this study. Although the lift condition showed a significant gender effect for »* and
AAE, the differences between genders were between 0.04 and 0.05 for 7%, and between 1.0% and
1.7% error for the AAE. Thus, these significant gender differences represent a very small

biological effect. Muscle gain also showed a significant gender effect with the weight of the lift,

where the largest difference was 8.3 N-cm™ at the 50 Ib condition. This represents a 16.6%
larger gain for males over females at this weight. This increase may be reflective of a multitude
of differences between males and females, including differences in muscle size, fiber type
composition of the extensor muscles, differences attributed to the length-strength and force-
velocity modulation factors, as well as real differences in the force producing capability of the
muscles. Thus, while a significant difference exists for muscle gain between genders as a
function of weight, there may be many factors contributing to this difference, and more research
is needed to identify the true effect.

Results of this validation effort compare favorably with the results of the biomechanical
model performance parameters resulting from Part 2 of this study. The overall model
performance parameters during this validation phase were consistent with those observed in Part
2, determined during the development of the length-strength and force-velocity modulation
factors. The model, developed from sagittally symmetric controlled velocity lifts in Part 2

resulted in mean 7*s of 0.95, with the mean gain of 35.0 N-cm™ for the data derived with the hips
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secured, and mean 7 of 0.87, and a gain and AAE of 44.8 N-cm™ and 13.8 Nm, respectively,
when applied to the data from sagittally symmetric controlled velocity lifts performed under free
dynamic conditions. The mean 7* and gain from Part 3 were 0.86 and 54.0 N-cm?, and an AAE
of 13.6 Nm. Partitioning the trials in Part 3 as a function of asymmetry, the trials with sagittally
symmetric lifts resulted in similar 7*s, gains, and AAE’s as observed in Part 2. The asymmetric
lifting trials, however, resulted in a minor decrease in mean 7* (0.87 to 0.85), a slight increase in
AAE, and a larger increase in the gain. Thus, going from free-dynamic sagittally symmetric
controlled velocity lifting trials to free-dynamic uncontrolled velocity with asymmetric lifts
resulted in similar #*s and AAEs, with increases in the gain although the gain still remains in the
physiologically valid range.

The model performance parameters for both female and male models also compare
favorably with other EMG-assisted biomechanical models validated under similar experimental
conditions. Granata and Marras (1995) found an average gain for free-dynamic exertions of 64.9
N-cm for sagittally symmetric lifts, with mean 7*s of 0.82, and percent error prediction less than
15%. Thus, the results for both male and female biomechanical models developed in Part 2 and
Part 3, which utilizes trunk geometry data determined from MRI scans from Part 1, as compared
to previously validated models, resuited in predictions which were better able to predict changes
in the measured moment (e.g., higher #’s), had lower but still valid gain values, and resulted in

less prediction error.

Limitations

Although the biomechanical models which have been developed up to this point have
resulted in very acceptable model performance, the model is only capable of assessing active
trunk forces and is not sensitive to passive loading of the spine. While it is possible that some
MMH activities do involve extreme trunk flexion (greater than 45 degrees sagittal flexion) which
then rely increasingly on passive structures of the low back, surveillance studies have
demonstrated that trunk flexion in excess of 45 degrees account for less than 5% of industrial
MMH lifts (Marras et al. 1993, 1995). Thus, neglecting passive spine loading does not present a

large problem.
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Conclusions

The resulting female EMG-assisted biomechanical model, which used trunk geometry
inputs developed in Part 1, and the length-strength and force-velocity modulation factors derived
in Part 2 has resulted in very acceptable model performance parameters. The high mean and
median 7’s, low error of prediction for the measured moment, combined with physiologically
valid muscle gains indicates that ‘;he biomechanical model is a valid model for the prediction of
female spinal loading during free-dynamic three-dimensional lifting exertions.

The validation of the female biomechanical model positions us well to assess the
prediction of spinal loading characteristics on the female spine during free-dynamic three-

dimensional lifting exertions in Part 4.
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Part 4: Assess Biomechanical Loads on the Female Spine During Military
MMH

Introduction

Biomechanical risk of injury to the low back can be assessed using estimates of spinal
loading derived from validated biomechanical models and comparing these estimates to tolerance
limits of the soft tissues of interest. Thus, assessing risk of low back injury to female army
personnel during military MMH would be assessed by predicting the shear forces and
compression forces on the Ly/S; intervertebral joint, and comparing these resulting values with

intervertebral disc tolerance data as a function of age and gender.

Background and Objectives

Damage to the soft tissues of the lower back can occur when the magnitude of loading on
the soft tissues increases to levels above the threshold level of the tissue (McGill 1997; NIOSH
1981). According to NIOSH (1981), microfractures of the vertebral endplates would be expected
in 50% of the working population at compression values of 6400 N. Increases in the magnitudes
of biomechanical variables such as awkward postures of the trunk (asymmetry) and increases in
the weight of the load lifted have been shown to result in increases of spinal loading as predicted
by dynamic male biomechanical models (Marras and Sommerich 1991a,b; Granata and Marras
1993; Mirka and Marras 1993; Marras and Granata 1995, 1997; Granata and Marras 1995).
These studies are further supported by cadaveric research (Adams and Hutton 1983; Adams et al.
1993; Adams et al. 1994) that shown the initiation of failures to the intervertebral disc segments
occurred under increases in magnitude and repetitive exposure to similar types of loading (e.g.,
increases in bending moments, compression forces).

Past research has indicated that females possess lower tolerance levels to compression
force for the intervertebral discs than males (Jager et al. 1991). Thus, when males and females
are exposed to the same material handling conditions, females may be closer to the spinal
tolerance levels than males, which may indicate an increased risk of injury. However, spinal

loading for females has not been investigated to date as up to this point, as female specific
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biomechanical models have not been developed. Thus, it is currently unknown what levels of
spinal loading occur during MMH tasks, and how the loading compares to spinal loading
experienced by males performing the same MMH tasks.

The objectives of Part 4, therefore, are threefold: 1) examine the spinal loads experienced
by females as a function of specific MMH tasks by using the female biomechanical model
developed and validated in the previous parts of this study; 2) compare the female loads to those
experienced by males performing the same MMH tasks; and 3) compare the spinal loading to

tolerance data as a function of gender and the experimental MMH lifting task conditions.

Administrative Note

The accepted proposal calls for Part 4 to have begun during the most recent two quarters,
and continuing on into the final year of the study period. The data collection for the agreed upon
40 female subjects and 20 male subjects necessary to complete Part 3 and Part 4 is almost
complete. Thus, the results presented here in Part 4 reflect preliminary analysis from 35 female
subjects and 17 male subjects. It is anticipated that the last few subjects will be collected in a

timely manner, with the completion of Part 4 to occur within the agreed upon time frame.

Methods

Subjects

The subjects for this part consisted of the same subjects which participated in Part 3.
Thus, all anthropometric characteristics for the 35 female and 17 male subjects can be found in

Table 3.1 in Part 3 of this report.

Experimental Design

Since the data for this part were collected to complete Part 3, the experimental design is
identical to that described in Part, except for the dependent variables.

The independent variables include gender, weight of lift (15, 30, and 50 1bs), degree of
asymmetry for the starting position of the lift (0 and 60 degrees), and lift condition (floor to
waist, floor to 102 cm, knee to waist, and knee to 102 cm above the floor). Each combination of

the task independent variable was performed twice by each subject. This repeated measures
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design resulted in 48 experimental trials per subject, thus permitting sensitivity analysis of those
material handling factors that influence spinal loading, as well as any gender differences in spinal
loading as a function of the experimental conditions. The presentation order of the experimental
conditions were randomized and subjects were allowed at least two minute rest (Caldwell et al.
1974) or as much time as needed between trials to minimize the risk of fatigue and carryover
effects on the results.

The dependent variables included the maximum externally measured moments in the
sagittal, coronal, and transverse plane, as well‘as the resultant moment. Spinal loading included

the mean and average shear forces in the sagittal and coronal plane and the compression force.

Equipment

Inputs into the EMG-assisted biomechanical model for evaluation of material handling
activities includes estimates of trunk position and motion, external measures of the sagittal plane
lifting moment, and monitoring of muscle activity via EMG. All equipment used to collect the
data, including the LMM, EMG electrodes, force plate, pelvic orientation monitor, and sacral
location orientation monitor, as well as signal processing and conditioning have been previously

described in Part 2, and also apply to this Part 4 of this study.

Data Analyses

The female data from the normalized EMG, trunk velocity from the LMM, sagittal
moment measured by the force plate were input into female Model 7a from Part 3 to determine
the gain for each of the female subjects. Male lifting trial data were input into Model 1 from Part
3. Spinal loading forces in each of the three planes (i.e., lateral shear, anterior/posterior shear,
and compression force) for each gender was estimated by summing the directional muscle forces

determined from each of the muscles by using Eq 2.1, and the predicted sagittal moment was

determined using Eq 2.2.
Force; = Gain x (EMG, / EMG,,,,) x Area, x {Vel) x f{lLength) (Eq 2.1)
M, ea = Z1; X Force; (Eq 2.2)
where:

Force; = tensile force for muscle j;
Gain = physiological muscle stress (N/cm?);
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EMG, = integrated EMG from the lifting exertion;

EMG,,,, = integrated EMG from MVCs;

Area; = maximum cross-sectional area of muscle j;

f(Vel) = the muscle force-velocity modulation factor;

f(Length) = the muscle length-strength modulation factor;

M, ...« = predicted sagittal trunk moment during the lifting exertion;
1, = moment-arm for muscle j.

Mean and maximum lifting moments about each of the three planes were determined
from measurements from the force plate.

Spinal compression tolerance limits were calculated as a function of age and gender using
the following regression equations from Jager et al. (1991):

Male:
Tolerance (kN) = 10.53 - 0.974(age/decade) Eq 4.1

Female:
Tolerance (kN) = 7.03 - 0.591(age/decade) Eq 4.2

where:
Tolerance = compressive strength of the intervertebral disc in kN;
age/decade = age of the individual in decades of life.

The predicted compression force for each trial was divided by the predicted tolerance to

obtain a spinal compression tolerance ratio for each trial for each subject.

Statistical Analyses

Initially, descriptive statistics (mean and standard deviation) were generated, describing
the maximum lifting moments, spinal forces, and compression tolerance ratio as a function of
each of gender and the other experimental conditions. Analysis of Variance (ANOVA)
procedures were used to test the significance of the spinal loading variables as a function of the
experimental conditions. The statistical analysis consisted of a mixed four-way repeated
measures ANOVA, with one between factor (gender) and three repeated factors (weight,
asymmetry and lift condition). Trials with r* greater than 0.8 were included in the analyses in
this section. Significant gender effects for spinal loading were examined by testing the two-way
interactions between gender and the other independent variables (i.e., weight, asymmetry and lift

condition). Significant differences will indicate different levels of spinal loading due to gender,
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when both genders were exposed to the same external loading conditions. Tukey post-hoc
procedures were used to understand the nature of these differences. Significance was indicated

for the ANOVA and post-hoc procedures using a Type I error rate of a=0.05.

Results

Descriptive results for the measured lifting moments and predicted spinal loading as a
function of gender and the experimental conditions are shown in Table 4.1. The results of the
ANOVA for measured moments and spinal loading are shown in Table 4.2. The weight of the
load had the largest impact on spinal loading, as there were significant effects on the moment in
the sagittal and coronal plane as well as the resultant moment, in addition to significant effects on
shear forces in the coronal plane (lateral shear) and sagittal plane (A/P shear). Post-hoc Tukey
multiple comparisons indicated that for every significant main effect, each of the three weights
were significantly different from each other, with the 15 1b condition resulting in the lowest
spinal loading magnitude and the 50 1b condition resulting in the highest spinal loading
magnitude. The asymmetry condition for the starting lift position had a significant on the lifting
moment in the sagittal and transverse plane, as well as differences in lateral shear force as a
function of asymmetry. Post-hoc comparisons indicated that for each of the significant effects,
the 60 degree asymmetric starting position resulted in higher lifting moment (sagittal and

transverse plane) and lateral shear force than when the starting position was sagittally symmetric.

Table 4.2 Analysis of Variance results on female spinal loading as a function of the
experimental conditions.

Moment (Nm) Spinal Load (N)
Independent | Sagittal | Coronal | Transverse | Resultant | Lateral A/P Compression
Variable Plane Plane Plane Shear Shear
Gender (G) 0.1012 0.2717 | 0.6638 0.5011
Weight (W) 0.0001 || 0.0001 | 0.0001 0.0001
Asymmetry 0.0001 0.000 (

A)

Lift

Condition (L)

GxW . 2
GxA 0.2482 | 0.0039
GxL | 0:0002 | 0.0655
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The ANOVA also indicated that spinal loading differed between genders as a function of

the experimental conditions (Table 4.2). Significant differences in the twisting moment resulted

as a function of gender and weight of the load, where post-hoc comparisons indicated that

females exhibited greater moments than males for the 30 and 50 Ib condition. Gender

differences in A/P shear forces were also present as a function of the asymmetry of the starting

position. Post-hoc analysis found that no significant gender difference in shear force at the 60
degree starting position, however, males had significantly higher shear forces during the

sagittally symmetric lifts (Figure 4.1).

1300

AJP Shear Force (N)

1200 |
1100 |
1000 |
900 |
800 |
700 |
600 |
500 |

Asymmetry (deg)

@ Female

] Male

Figure 4.1 Anterior/Posterior shear force (N) on the L,/S, intervertebral disc as a function of

gender and asymmetry of the starting lift position.
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Gender differences were also indicated for predicted compression force on the L/S, as a

function of the weight of the load as well as the asymmetry of the starting lift position. Post-hoc

tests revealed that males and females did not differ in compression force when lifting 15 and 30

lbs, however, lifting 50 Ibs resulted in higher compression forces for males than females (Figure

4.2). Loading on the L,/S, did not differ between genders when lifting from asymmetric starting

positions, however, males exhibited higher compression forces when lifting from sagittally

symmetric starting positions (Figure 4.3).
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Figure 4.2 Compression force (N) on the L/S, intervertebral disc as a function of gender and

weight of the load.
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Figure 4.3 Compression force (N) on the L/S, intervertebral disc as a function of gender and

asymmetry of the starting lift position.
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Descriptive statistics on the spinal compression tolerance ratio as a function of gender
and the experimental conditions are shown in Table 4.3. Descriptively, for every level of every
experimental condition, females exhibited higher compression tolerance ratios than males.

Analysis of Variance on the spinal compression tolerance ratio (Table 4.4) indicated that
gender differences were present as a function of the asymmetry of the starting lift position, and
that the compression tolerance ratio differed as a function of the weight of the load, independent
of gender. Tukey post-hoc pairwise comparisons indicated that the tolerance ratios were all
significantly different at all three weights, with the tolerance ratio at 50 lbs greater than the
tolerance ratio at 30 lbs, and the tolerance at 30 Ibs greater than that at 15 lbs. Females exhibited
a greater tolerance ratio than males at both levels of asymmetry (0 deg and 60 deg starting
position), however, the difference was greater at the 60 degree position than the 0 degree

asymmetry position (Figure 4.4).

095 |
091
085 |
08 1
075 1
0.7 1
0.65 |
06 |
0.55 1
05 |

Compression Tolerance Ratio

g Female
m Male

Asymmetry (deg)

Figure 4.4 Compression tolerance ratio for the L,/S, intervertebral disc as a function of gender
and asymmetry of the starting lift position.
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Table 4.3 Compression tolerance ratio for females and males. Ratio’s were determined by
dividing the predicted compression force by the predicted disc tolerance using equations from
Jager et al. (1991).

Independent Compression Tolerance Ratio
Variables Female Male
15 0.71 0.50
(0.25) (0.13)
30 0.87 0.61
Weight (Ibs) (0.28) (0.15)
50 1.07 0.75
(0.34) 0.17)
0 0.79 0.60
Asymmetry 0.27) (0.17)
(deg) 60 0.93 0.64
(0.34) (0.19)
F-W 0.84 0.55
(0.32) (0.16)
F-C 0.84 0.60
Lift (0.33) (0.18)
Condition K-W 0.89 0.65
(0.31) (0.18)
K-C 0.87 0.67
(0.30) (0.18)

Table 4.4 Analysis of Variance results on Spinal Compression Tolerance Ratio for males and
females.

Compression

Independent
Tolerance Ratio

Variable

Gender (G) :
Weight (W) '

Asymmetry (A)

Lift Condition (L)

GxW

Gx A

GxL

The ANOVA on spinal loading indicated that the lift condition (i.e., floor to waist, floor

to chest, knee to waist, knee to chest) had a significant effect on several measures of spinal
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loading (Table 4.2) as well as the compression tolerance ratio (Table 4.4). This significant
difference was independent of gender, and also occurred as a function of gender, depending on
the dependent variable. Differences independent of gender include the generated lifting moment
in the coronal and transverse plane, as well as the resultant moment and A/P shear force on the
L,/S, (Table 4.1). Tukey post-hoc tests found that the lifts starting near the knee resulted in
greater moments in the coronal plane, whereas lifts starting near the floor resulted in greater
moments in the transverse plane than those starting near the knee. Post-hoc tests for the effect of
lift condition on A/P shear force found that resulting A/P shear force when starting at the knee
and lifting to the chest was significantly greater than the A/P shear force from the other three
conditions, with lifting from the floor to the waist resulting in the least A/P shear force.

Finally, the sagittal and resultant moment, and the compression force varies significantly
as a function of gender and lift condition. Males exhibited greater sagittal and resultant moments
than females for all lifting conditions, with larger differences occurring when lifting from the
knee than when lifting from near the floor. Males also experienced larger compression forces

than females when lifting from the knee than when starting lifts near the floor.

Discussion

The results presented in this Part of the study represent the first of its kind for assessment
of spinal loading of females utilizing a female specific biomechanical model. Thus, there are no
other datasets for which to compare the pattern of spinal loading predicted from this study.

The magnitudes of the spinal loading for females and males approached levels which may
represent high risk for LBD from spinal compression. Lifting loads as low as 15 Ibs resulted in
compression forces of 3949 N and 4122 N for females and males, respectively. NIOSH (1981)
states that above compression forces of 3400 N, microfractures in the vertebral endplates will
begin to appear in some individuals. When subjects in this study lifted 50 Ibs, mean maximum
compression forces were 5940 N and 6157 N for females and males, respectively. NIOSH has
estimated that at compression forces above 6400 N, most individuals will start to have
microfractures of the vertebral endplates. Thus, the compression levels predicted from lifting
these weights indicates that there would be an elevated level of risk of damage to the endplates.

Most interesting about these results is the lack of a gender difference in compression force when
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lifting 15 and 30 Ibs. Males did, however, experience significantly higher compression forces
when lifting 50 1bs (6157 N vs 5940 N for males and females, respectively), however the
magnitude of both values were quite when compared to estimates of tolerance. The comparable
compression forces at most weight levels indicates that females may be at higher risk of LBD
than males given the same task conditions, as they may be closer to their tolerance limit for
damage to the intervertebral discs. This is also reflected in the compression tolerance ratios
shown in Table 4.3. The general trend was that females experienced about 20% to 30% higher
tolerance ratios depending on the weight lifted. Thus, females were closer to the tolerance limit
than males for the same tasks.

A gender effect was also present for the prediction of compression forces as a function of
asymmetry of the starting position Qf the lift. As shown in Figure 4.3, females exhibited
significantly less compression force than males for sagittally symmetric lifts (4402 N vs. 4929 N
for females and males, respectively). However, lifting from an asymmetric position (60 degrees
asymmetry), there was no difference in compression force between females and males (5151 N
vs 5221 N for females and males, respectively). Thus, while females may already be at an
elevated risk for LBD when exposed to similar loads to males, they also exhibit a
disproportionate increase in compression force when compared to males when going from
sagittally symmetric lifts to asymmetric lifts. This increase in risk of injury is also reflected
when comparing the compression tolerance ratios as a function of gender and asymmetry (Figure
4.4). Females exhibited a greater tolerance ratio at both levels of asymmetry, however, they also
experienced a larger increase than males when going from sagittally symmetric lifts to
asymmetric lifting.

For both lateral and A/P shear force, the females had similar loads as the males with only
minor differences resulting in the sagittally symmetric conditions. A difference of about 90 N
was found during the sagittally symmetric lifts. However, no difference was found between the
genders during the asymmetric lifts. Thus, the shear forces would increase the risk of LBD for
females as compared to males.

As expected, lateral and A/P shear forces were significantly effected by the other
experimental conditions. The asymmetric lifts had significantly more higher spine loads than the

sagittally symmetric lifts. Also, a increase in weight corresponded to increases in spinal loads
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for both males and females. It would appear that lifting from the floor would be less risky.
However, the trunk moments were also lower, indicating that the subjects lifted differently
during these conditions, thus, explaining why the difference exists. Further evaluation of these

conditions is needed to determine the nature of the difference.

Conclusions

This part of the study provides the results from the first of its kind assessment of spinal
loading of females utilizing a female specific biomechanical model. Females were found to be at
an elevated risk for LBD when exposed to similar loads to males when considering compression
force. The only difference found between the genders for the shear forces (A/P shear) was
during the sagittally symmetric conditions. While these results provide some indication of the
risk of LBD for females during various lifting conditions, these results should be considered to
be preliminary. The current results are based on 35 female subjects and 17 male subjects with
the remaining subjects being collected in a timely manner. Although the results are preliminary,
there is no reason to expect that the few remaining subjects to be collected would alter the

general results found in this part of the study.
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